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ABSTRACT

This report presents a new method for solving Lagrange's equations
of motion utilizing FORMAC. An application using this technique is
given with an eleven degree-of-freedom problem which describes the
motion of the M110Al, a self-propelled 8" howitzer under dynamic con-
ditions of firing. A computer program has been written, is operational,
and the listing is contained in the appendix. This report is an en-
deavor to automate the generation and solution of the equations of

motion for dynamical systems.

FORWARD

In October 1976, it was requested that a mathematical model be
developed of the M110Al to study the dynamic motion of the system dur-
ing firing so as to define dynamic loading at various points in the
weapon system for a subsequent stress analysis of weapon components.
This project was funded by AMC under AMCMS Code 664602.12.38900, D. A,
Project No. 1W664602D389,

The authors are indebted to Miss Ann Marie Lowder and Mrs., Jan
Keller for their many hours of typing in preparing this report.

Also, the authors appreciate the assistance given by Mr, Al Smith in
helping to obtain the data for this model,.

iv



1.0 INTRODUCTION

1.1 General Discussion of Modeling

A convenient way to describe a physical system and study its be-
havior is to represent the system by mathematical equations. Gener-
ally, the resulting equations are a set of differential equations
based on the laws of mechanics and the geometry of the physical sys-—
tem. The use of a computer is usually necessary to solve this set of
equations and especially if the system under study is complex and a
Sufficient amount of detail is required to characterize it. If the
use of a computer becomes necessary, the mathematical expressions,
physical constraints and logic must be transformed into a computer
program. The equations and their solution technique comprise a math-
ematical or computer model. If such a model is to be of value, this
model must be amenable to analysis and its output must represent the
behavior of the physical system with sufficient accuracy so that useful
information can be obtained concerning the actual system.

Since real world conditions cannot be modeled exactly, inherent
inaccuracies will exist in the model because the modeler must resort
to simplifications and abstractions of the actual, physical system.
The important point is that an'acceptable level of confidence be
established so that inferences drawn from the model output are correct
and the model generates the same behavior characteristics as the
actual system. Confidence in the model output is gained through
model validation.

Model validation is a check of the agreement between the behavior
of the model and that of the actual system. The correctness of the
model can only be measured relative to the physical system. Models
may be validated according to various criteria. One such criteria
is Bayes' formula for conditional probabiliities. With this procedure,
specific model outputs are compared with field test data, and the con-
ditional probability (that the model is valid given the field test

results) is determined.




However, many times the system to be modeled is still on the
drawing bcard and field test results do not exist. If this is the
case, the design and simulation should complement each other. That
is, a math model may be developed while the design of the system is
progressing from the drawing board stage to system integration. Here
the model may be used to provide insight into how the system will
perform under dynamic conditions. Thus the model may be used to
(1) predict dynamic loading on critical parts, (2) define sensitivity
of weapon performance to design parameters, (3) evaluate suggested
weapon modifications and (4) provide the necessary foundation for
design optimization studies.

As test data becomes available, it is necessary to "validate"
and "tune" the model. If a correlation between test results and
predicted motion is poor and significant motion occurs which was
neglected in the model, a complete revision of the model may be re-
quired. However, if all significant motion has been accounted for
in the model but the magnitude and timing of the predicted motion is
in error, a "tuning" of the model is in order. For example, the
model to be generated in this report requires an effective spring
rate for the ground-weapon interaction. The value chosen for this
parameter may be poorly estimated. If varying the value of this
parameter between reasonable limits greatly improves the desired
correlation between model and test, the model is said to have been
tuned.

In the design, development, and fabrication of any given system,
the proper mixture of analysis, simulation, and testing is necessary
to produce the payoffs that must be achieved for a cost-effective
product. The use of model studies may reduce costs in lieu of exten-
sive testing, but it does not necessarily preclude the need for per-
forming an actual field test. A field test yields information for
the evaluation of the system itself, provides a data base to be used

for comparison to other systems, and is necessary for model validationmn.



One of the most important and useful tools to analyze the results
of a given design is through mathematical simulation. Such is the
case for the development of the model contained in this report. Sim-
ulation is a powerful tool and it enables the analyst to become famil-
jar with the behavior or performance of the actual system under study
when subjected to a variety of different conditions or parameter
changes. Generally, experiments with the actual system itself are
very costly; however, they can be performed on the model with relative
ease and at low cost. Many times, experimentation on the model will
provide more information about the interaction of variables than test-
ing on the actual system because of the controlled environment and the
ease of parameter variation.

Weapon systems of today are becoming more complex and this trend
is likely to continue because of the current threats being proposed;
as a result, design requirements are becoming increasingly more
difficult to satisfy. It is well recognized that a change in design
or a change in even one aspect of the weapon system may very well
produce changes or create the need for changes in other parts of the
system. As the long list of parameter trade-offs such as accuracy,
caliber, threat, dispersion, etc., are considered, the engineer's
intuition and experience become increasingly more difficult to apply
and it becomes more important to define the design procedure mathemat-
ically. Désign requirements specify that a weapon system is to per-
form some task at some index of performance. Thus, the design of a
weapon system provides a natural setting for an optimization problem,
assuming 'a knowledge of all environmental factors influencing the
design process are known. To just search for admissible parameters
so that the system is enabled to perform its task is not satisfactory.
It should be required to seek those parameters so that performance is

optimized (in some sense).




In the past, conventional methods of analyzing the dynamic
behavior of a given system required the analyst to linearize the
generalized coordinates to achieve simplification of expressions.

This is no longer necessary. FORMAC, a language developed by IBM,
allows the analyst to proceed with a nonlinear analysis of the system
being studied. It also allows mathematical models suitable for optim-
ization studies to be formulated with relative ease (as far as obtaining
the required differential expressions).

The model developed in this report is completely nonlinear. The
reasons for this approach and an in-depth discussion of its derivation
are given in the sections that follow.

1.2 Description of the Model

The purpose of this technical report is to document the work
accomplished to date on the development of a mathematical model for
the Howitzer, Heavy, Self-Propelled, Full-Tracked, 8-inch, M110Al,
see figure 1.1. This documentation has two major objectives; (1) the
detailed description of a new method for developing and solving
Lagrange's equation of motion and (2) the generation of a mathema-
tical simulation to describe the motion of the system and to define
dynamic loading at various points in the weapon (which are to be used
as input for a stress analysis of weapon components).

A method was developed, utilizing FORMAC, to obtain the necessary
symbolic representations for the differential expressions required to
solve Lagrange's equations of motion of the M110Al. FORMAC, as
developed by IBM, provides for the symbolic manipulation of mathema-
tical expressions, i.e., the expression SIN(X) can be differentiated,
resulting in the expression COS(X). Expressions can be differentiated,
evaluated, replaced, compared, and parsed. After differentiation,
expressions which occur repeatedly can be replaced by new variable
names and thus millions of arithmetic operations can be eliminated
during the execution of the computer program. This is illustrated

in appendix E. Since PL/I is a subset of FORMAC, all of the facilities






of PL/I are available for program structure, loop control and I/0.
The FORMAC output consists of coded differential expressions and they
are automatically punched on cards (error free) in FORTRAN format. The
end product is a computer program written in FORTRAN. Approximately
95 percent of the work to generate the simulation model was accomplished
on the computer. This procedure essentially reduced the 11 degree-of-
freedom problem described below to a rather routine operation.

In the development of mathematical models of weapon systems it
is desirable to limit the degrees of freedom of the model to the major
gross motions of the system. In general, the larger the model (in
terms of degrees of freedom) the less accurate 1s the predicted motion
of the system. This is primarily due to the difficulty in accurately
defining the values of the weapon parameters. However, this problem
can be overcome by performing carefully instrumented tests (both static
and dynamic). If a physical system does exhibit significant multi-
degree of freedom motion it is necessary to model that motion and accept
the complexity of the resulting system of equations. In this report
it was essential that all major motions be identified, resulting in an
eleven degree-of-freedom system.

The model developed for the M110Al has five distinct masses:

(1) the vehicle, Mv, (2) the spade assembly, M (3) those parts that

S)

traverse but do not elevate, M (4) those parts that elevate but

do not recoil, ME’ and (5) theTrecoiling parts, MR.

The generalized coordinates were defined based on the following
logic: the entire system would translate laterally (x), roll (8),
and yaw (y) as a single rigid mass; the vehicle would translate fore
and aft (y), translate in a vertical direction (z), and pitch (¢)
about its own mass center; those parts that traverse (MT + ME + MR)
would yaw (1) relative to the vehicle; those parts that elevate
(ME + MR) would pitch (y) relative to the vehicle; the recoiling parts
would translate (n) relative to the ME parts; finally the spade as-

sembly would translate fore and aft (v) and pitch (v) relative to the



ground. Note the initial value of ¥ (Yo) is the angle of elevation,
the initial value of T (To) is the angle of traverse, and the initial
value of n (no) locates the in battery position of the mass center
of the recoiling parts relative to the trunnion.

A brief description of the operation of the physical system is
given below. When the weapon is fired, the pressure generated by the
burning propellant drives the projectile out of the tube and forces
the recoiling parts (tube, reéoil rods, recoil pistons, etc.) rearward.
The motion of the recoiling parts is primarily resisted by oil pressure
on the face of the recoil piston. The pistén is pulled through a cyl-
inder of oil, the oil being throttled around the piston via orifice
areas which are designed as a function of recoil displacement to min-
imize peak recoil forces. In parallel, to the recoil cylinder is the
recuperator cylinder wherein the recuperator piston, during recoil,
compresses a gas and hence stores enough energy to return the recoil-
ing parts to the firing (in-battery) position. The total recoil force
is transferred to the understructure through the trunnions. As a
result of this system of forces, a large torque is generated around
the trunnions and the elevating parts will tend to pitch relative to
the vehicle. The restraint to this pitching motion is offered by a
friction brake. Until the moment tending to produce pitch exceeds
the restraining moment of the friction brake, no pitch motion results.
When the moment tending to produce pitch exceeds the restraining
moment, pitch motion is initiated; and will continue until the con~
stant restraining moment of the brake brings the pitching motion to
a stop. A similar action occurs in the yaw motion of the traversing
parts.

The spades are designed to offer ground resistance to rearward
motion and to the pitching of the spade assembly but little re-
sistance to roll, yaw and translations in the lateral and vertical
directions. Thus horizontal ground springs acting on the spade as-
sembly in the longitudinal direction are sufficient to restrain the

longitudinal translation and pitch of the spade assembly.




The resistance to lateral translation and yaw of the weapon system
is the ground friction between the ground and the vehicle tread (assumed
to be at the ground contact point of the four corner roller wheels). .
Vertical ground springs are located at these four ground contact points
and restrain the roll and vertical translation of the weapon system.
Note the effective spring rate goes to zero at any of the ground contact
Points when contact between the ground and the vehicle is lost. The
braces and spade cylinders are modeled as springs and hydraulic damping
and act primarily in the longitudinal direction between the vehicle
and the spade assembly. Dampers are associated with the vertical ground
springs and the braces.

The method of mathematically describing the above physical phe-

nomina is contained in Appendix A.



2.0 SOLUTION TECHNIQUE
2.1 Overview

Experience has demonstrated that modeling multi-degree of freedom
systems requires many hours of tedious manipulation of expressions'with
the risk of generating numerous errors. The result is generally the
implementation of a model which is a linearized version of the system
under consideration. That is, in the conventional technique, the analyst
is forced to linearize most of the gengralized coordinates to achieve
simplification of expressions. These shortcomings led to the development
of a semi-automated procedure.

This report develops a new technique for obtaining the dynamic
equations of motion of any system resulting from Lagrange's equatiom.

The equations generated by the procedure given here are completely
nonlinear. This approach is taken for several reasons. First, the
accuracy that might be lost by linearizing due to cross—coupling effects
is not known; secondly, the nonlinear model is much easier to obtain
than the linearized version using the methods developed in this report
and the nonlinear approach does not require much, if any, additional
core storage; and thirdly, a more accurate model would produce results
which are closer in agreement to that of the real world.

It was found that the term -3(Kinetic Energy)/d(Generalized Co-
ordinates) does not have to be calculated as the positive of this term
appears in the expression E%- 3(Kinetic Energy)/d(Generalized Velocities)
and they cancel. This result is always the case. If the procedure in
this report is used, two, three, and perhaps even four degree-of-freedom
systems can be accomplished quite easily by hand if the FORMAC software
package is not available to the analyst.

2.2 Lagrange's Equation

The expression for the Lagrangian method which yields the equations

of motion for a dynamical system is




d 3(KE) _ 3(KE) 3 (DE) 3 (PE)

a8, T P TP @D
where i =1,2,....,k
KE = Total kinetic energy
DE = Total dissipative enérgy
PE = Total potential energy
Fj = Generalized external force
qj = Generalized coordinate
ﬁj = Generalized velocity
t = Independent variable, time
k = Number of generalized coordinates
Equation (2.1) in matrix form can be written as
A(@)q = B(q,,t) (2.2)

The first term of equation (2.1) will generate the A matrix plus addition-
al terms which contribute to the B vector. The remaining four terms of
equation (2.1) make up the rest of B. It will be seen in the sequel that
equation (2.1) can be expressed conveniently in matrix form.

In generating the desired equations of motion by utilizing FORMAC,
it becomes necessary to examine Lagrange's equation in detail, see
Appendix B. This is required because FORMAC performs only partial
differentiation. The results of the analysis in the appendix determine
which derivatives are to be taken and how they are ultimately combined
to yield a set of 2nd order nonlinear differential equations describing
the dynamic motion of the system under investigation.

In the conventional method of actually carrying out the analvysis
of the Lagrangian; an imbedding of terms occurs within'a given expres-
sion (terms occur repeatedly) due to the matrix operations, dot pro-
ducts, and the way in which each succeeding mass center is located
from the preceeding one. To avoid the imbedding problem as much as

possible, the philosophy of the technique reported here 1s to operate
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on the position vectors of each mass before dot products are actually
taken. In fact, because of the way each succeeding mass center is
located, the position vectors themselves can be broken up into smaller
expressions.

However, imbedding still occurs to some extent, but the expressions
are small enough such that the imbedded terms can be identified rapidly
and replaced by new variable names quite easily with FORMAC. Thus,
millions of arithmetic operations are saved in the course of actually
solving the differential equations during the running of the computer

program. To see this, the reader should refer to Appendix E to get some

idea of how much of a reduction in the number of arithmetic operations can

actually be accomplished by the replacement of repeated terms with new
variable names. All of the partial differentiation as required by
Appendix B is performed on the smaller expressions and then a reduction
in the size of these differential expressions is obtained by removing
the imbeddedness. The dot product of the position vectors is taken at a
later time with numbers as elements instead of with large expressions as
is normally done in the conventional method. FORMAC necessitated the
analysis covered in Appendix B since only partial derivatives could be
obtained by using FORMAC. The outcome of this analysis provides

a technique that facilitates the derivation of the equations of

motion whether done by hand or with the aid of a computer.

2.3 FORMAC Approach

An objective of the work reported here was to develop an organized
and efficient computational scheme that would handle multi-degree of
freedom problems with relative ease. FORMAC provides this capability.
It is an IBM software package which allows the manipulation of mathema-
tical expressions. Using FORMAC, expressions can be differentiated,
evaluated, replaced, compared, and parsed. Since PL/1 is a subset of
FORMAC, all of the facilities of PL/I are available for program struc-

ture, loop control and I/0. The computer performs the necessary matrix
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multiplication and differentiation. In addition, angles are coded, ex-

pressions are optimized and finally punched in FORTRAN format ready for

numerical integration. This process virtually eliminates any mathematical

or key punching errors for approximately 85 percent of the FORTRAN pro-
gram as this amount of the computer program is obtained from the results
of the FORMAC output. This technique also allows the analyst to spend
considerably more time formulating the problem and not be worried about
the enormous amount of mathematics required to obtain the desired equa-
tions of motion. In short, it reduces problems which seemingly appear

hopeless to a rather routine operation.

2.4 Kinetic Energy

This section covers the kinetic energy portion of the Lagrangian.
To be more specific, it discusses the use of equation B-11. An ex-
ample is given on how to obtain the A matrix of equation (2.2) by use
of B-11 and also the corresponding FORTRAN coding generated by the
Einstein summation notation is showm.

Since nearly all of the required matrix operations for a particular
problem are contained in the definition of the kinetic energy, this
becomes the obvious starting point for obtaining the necessary differ-
ential expressions. It will be seen in later sections that many deriv-
atives for other energy terms do not have to be calculated as this will
already have been accomplished in the kinetic energy portion.

As mentioned previously, it is more efficient (computationally) to
operate on the position vectors before dot products are actually taken.
And also mentioned before was that the position vectors themselves are
not really operated upon since they are in fact reduced to sums of
smaller quantities (to reduce the imbedding problem) and it is these
smaller quantities which are of interest. The actual break-up of the
position vectors is covered in section 3.3. Because of the ease in
actually combining the smaller terms to obtain the position vectors,

the example given here will be concerned with only the position vectors.
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Equation B-11 is rewritten for convenience.

d _a_I_ - a_T = 3 . 3 3 . qd
T TR TR {Qq quqj 449 * % EEqiqi] (2.3)

where all quantities are defined in Appendix B. MQ is the mass asso-
ciated with the position vector Q, where Q takes on the various letters
Q, R, S, etc., to distinguish each of the n position vectors and its
corresponding mass.

It is seen from equation (2.3) that first and second partial deriv-
atives with respect to the generalized coordinates are required. The
subscripted variable PKE (i,j,k,1) provides a convenient bookkeeping
notation for representing these derivatives, the mass from which they
originate and the direction (x,y, or z) of the position vector with
respect to the inertial coordinate system. From past experience this
bookkeeping procedure has proven to be very adequate; it is organized,
efficient and yet simple and it also conveys a maximum amount of
information sdch that a particular quantity can be easily identified.
For example, the i runs from 1 to n and refers to the particular mass
and associated position vector that is being delt with; the 1 rums from
1 to 3 and refers to the x,y, or z direction; the j and k refer to the
partial derivatives which have been taken with respect to the qj gen-—
eralized coordinate and the 9 generalized coordinate if second partials
have been taken. If only one derivative has been taken, then k takes
on the value 1 plus the number of generalized coordinates.

Suppose the number of generalized coordinates is eleven and the

position vectors are Q, R, and S, then

22
_9°Q . pkE (1,5,8,L), where L

- 1,2,3
3q53q8

32§ = PKE (3,5,8,L), where L = 1,2,3
3q58q8
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dR
aq

= PKE (2,9,12,L), where L = 1,2,3
9 .

An example of using equation (2.3) with the number of masses n = 2
and the number of equations k = 3 and considering only the acceleration

terms of (2.3) yields the following result.

First equation:

14



These three equations can be rewritten in the form

First equation:
> > >
Mg -4 +M% % |4 + |m& -Q +
[Q 4 9, R q ql] 1 Q 4y 99
T - % g+ |mq q +M.R oty
MR q, 45 2 Q "qq dq R 93 g 43
Second equation:
M_Q q +M R R g + |mQ q o+
Qq, 93 "k 9, 9 ! Q7q, 4
MR R |4, + |M . +M R+ R |
R oa, qz} 2 [Qaqz Esq3 Ray 93 I
Third equation:
M . ¢ +M R - R® |4, + M . +
[Q6q3 qq " 45 ql] ! { Q6q3 3qz
R R olg + M Q 3 +MR R | g
" a4, 9,1 2 Q 74, q5 "r dq a0 3
The first row of the A matrix of equation (2.2) is

. v d -3 2 .3
A(1,1) [MQqu qu+Mqu R

9
A(L,2) =|M . +M B -+ R
(1,2) Qaql ESq2 R q; 1 |
A(13)=FM_Q> - 9 +MR'§ -§1
R 1, q; |

and so forth for the remaining six elements of A of this example.
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The FORTRAN Coding for obtaining the elements of the A matrix for
the translational part of the kinetic energy is now given. The
rotational part must be added to these'terms and this can be found in
Appendix F which contains the FORTRAN program. Similarly the remain-
ing coding for the kinetic energy is in appendix F.

Since A is symmetric, the upper triangular terms are calculated

n
w

to reduce the number of arithmetic operations. Recalling that IEQS

and IMASS = 2 yields

DO 1 j = 1,IEQS
DO 1 k = j,IEQS
SUM = 0.

DO 2 i = 1,IMASS
DO 2 1 =1,3

2 SUM = SUM + XMASS(i)* PKE(i,j,12,1)* PKE(d,k,12,1)

SUM

fl

A(3,k)

1 A(k,j) = SUM

2.5 Other Energy Terms

The differential expressions required for other energy terms are
either obtained from those which have already been calculated or are
derived separately. As an example of how to utilize expressions
already calculated, the reader can refer to equations A-7 through A-11
in Appendix A. These five equations are very similar to equation A-12

except that A-12considers only the z direction and involves both
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multiplication by the gravitational constant, g and by the five masses.

Therefore, aul/aqj can be obtained very quickly from the following

definitions (which are explained in section 3.3). For equations

A-7-11

;

PKE (1,3,12,3)

PKE (2,3,12,3)

PKE (3,j,12,3)

PKE (4,3,12,3)

PKE (5,3,12,3)

Pl
n\d+
il

The BUl/Bqj makes up a part of the B vector in equation (2.2) which
forms the right hand sides of the differential equations. The con-
tribution of aUl/Bqj (from the potential energy) to the right hand

sides (utilizing calculations from the kinetic energy) is evaluated
as follows

"7 po 14 J = 1,IEQS
14 RHS(J) = RHS(J) + GRAV*(XMASS(1)*PKE(1,J,12,3) + XMASS(2)*

1 PKE(2,J,12,3) + XMASS(3)*PKE(3,J,12,3) + XMASS (4)*PKE(4,J,12,3) +

2 XMASS(5)*PKE(5,J,12,3))

17




Note that the fourth subscript of PKE is equal to 3 which signifies that
only those terms in the z direction are used. The third subscript is
equal to twelve since only one partial derivative is taken (the number

of generalized coordinates is eleven).

As much use as possible is made of all previously defined matrix
operations or whatever caculations have been performed to aid in obtain-
ing new partial derivatives. This can readily be observed when examin-

ing the FORMAC program.

2.6 Numerical Integration

A fourth order Runge-Kutta integration scheme is used to integrate

the matrix differential equation
A(9) § = B(q,q,t)
To solve for the 4, i.e.,
4 = £;(q;,4;,0)

q = fk(qi,qi,t)

advantage is taken of the symmetry in the mass matrix A. The sub-
routine which decouples the acceleration terms into the form of equations
( 2.4 ) is called SOLVE and the algorithm used in the Square Root Method.
Appendix D describes the modifications that were made to that method to
eliminate the concern of pure imaginary numbers. A description of each

subroutine and its purpose is given in the FORTRAN listing in Appendix F.
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3.0 APPLICATION OF SOLUTION TECHNIQUE

3.1 Symbol Table

Corresponding
Computer Symbol  Analysis Symbol Definition

Al, A2, A3 as ay, a, Coordinates of the mass
center of vehicle in 02—
A“B"C"
AAA (11, 11) Coefficients matrix of
. acceleration (mass Matrix)
terms
Al1SUB, (AlBAR), Al’ (fl), A2, Coordinates of the attach-
- A2SUB, A3SUB N — ments of the brace to the
3 vehicle in 0, - x"'y"z"
ALPHAl, ALPHA2, Ay Gy a3 Coordinates of the horizone

ALPHA3 tal attachment points of
ground springs to spade ae-
sembly in O1 - ABC

ASTAR Angle between_‘ of brace

Unit

inches

pound second2
inches
or lb.sec. in.

inches

inches

degrees

and a plumb line dropped from(changed to

the attachment of the brace

radians in

to the vehicle program)
BETA B B = g éz- where ¢ = specis pound sec2
' 28 Aé inches

fic weight of o0il, A = area

of piston and A0

area of orifice. B is a
hydraulic constant for the
v spade cylinder

- BBETAE, BETAE B torque provided by friction
brake in elevating mech-

anism. BEMAX is maximum.

E’ "EMAX

BBETAT, BETAT B torque provided by friction
brake in traversing mech-

anism. BTMAX is maximum.

T’ TTMAX

BOFT B{t) Breech force

19

= effective

inch pounds

inch pounds

pounds




Computer Symbol

Corresponding

Analysis Symbol

Definition

BRCHX (105)
BRCHY (105)
Bl, (B1BAR)

B2, B3

CBRCE

ccll, ccl2,
cc21, cc22

COFT

CU5

ClP, C2P, C3P

DA (1, 1, 1, L)

L= 1,2,3,4
1(1,1)
2¢>(1,2)
3>(2,1)
4¢>(2,2)

DP (1, 1, 1, 4)

B. (B,), B2,

C..
13

c(t)

' 1 1
Cl, CZ’ C3

19

1]

Spring deflections(Qijl

Abcissa of breech force
curve(time)

Ordinate of breech force
curve

Coordinates of the attach-
ments of the spade cylin-
ders to the vehicle in

0 - X”Y"Z"

4

Damping coefficient asso-
ciated with Ki

Damping coefficients asso-
ciated with K, ,
1]

Recuperator force

Damping coefficient for
use in determining initial
conditions

Coordinates of the attach-
ments of the spade cylin-
ders to the spade assembly

in O7 -u'v'y'

Extension/contraction of
vertical ground spring

vy

Unit

seconds

pounds

inches

pound sec
inch

pound sec
inch

pounds

in. 1lbs. sec.

inches

inches

pounds
inch



Computer Symbol

Corresponding
Analysis Symbol

Definition Unit

D1, D2, D3

D1P, D2P, D3P

EB

EC

ER

ELANG

El, E2, E3

FOFG

dl’ d,, d

2> 73
| L 1
D}, Dy, D}
B
¢
R
e1> €55 €4
F(y)

21

Coordinates of the center
of the trunnion in
05 _ xiininv

inches

. hes
Coordinates of the attach- inc

ments of the braces to the

spade assembly in 0, - u'v'w’

Distance from mass center inches
of recoiling parts to

point of application of

breech force in n direction

only. €y is negative.

Distance from mass center inches
of recoiling parts to point

of application of recuperation
force in n direction only.

€ is negative.

Distance from mass center inches
of recoiling parts to point

of application of recoil

force in n direction only.

€R is negative.

Angle of elevation for use radians
in determining initial con-

ditions of Q(7)

Coordinates of the center of inches
the traverse bearings in

o yitytign
O4 X'Y'z

Equilibrator force as a
function of y.

pounds




Computer Symbol

Corresponding

Analysis Symbol Definition

FF1, FF2, FF3

GAMMAX (105)

GAMMAY (105)

GKST

GRAV

Gl, G2, + Q(2),
G3

HH1, HH2, HH3

HOOR1

IBOFT

IBPTS

IEQS

IGOFT

fl’ f2, f3

F(y)

st

1’ 727 73

27

Coordinates of the mass
center of the traversing

but non-eisvisigg parts

in O5 - XY 'zv.

Abscissa of equilibrator
force curve data in degrees
but converted to radians in
program.

Ordinate of equilibrator
force curve.

Effective torsional spring
about trunnion used in de-
terminimg initial conditions

Acceleration due to gravity

Coordinates of the center -

of pressure of the spades in
0, - XYZ. Note v is a gener-
aiized coordinate.

Coordinates of the mass cen-
ter of the spades in

_ oty
O7 uU'vw.

Delta function used in
defining initial conditions

table lookup counter on
breech force

Unit

inches

radians

pounds

inch pounds
radians

inches/sec2

inches

inches

No. of ordered pairs im breech

force table

Number of generalized coordinates

Table lookup counter on
equilibrator



Computer Symbol

Corresponding
Analysis Symbol Definition

IGPTS
IMASS

IROFT

IRPTS

02, 03

PD (3, 11, 12, 4)
PG (6, 12, 12, 3)

PT (8, 11, 12, 3)

PU (4, 11, 12, 4)

PW (5, 12, 12, 3)

QDD (1)

QD(T)

QSAVE (11)

No. of ordered pairs of
points in equilibrator table

Number of masses

Table lookup counter
on recoil force.

No. of ordered pairs of
points in recoil force table.

9 O3 Coordinates of the
equilibrator attachment
points to the elevating
but non-recoiling parts
in 06 - E'H'Z'

Derivative functions in
dissipative energy

Derivative function in
generalized forces

Derivative function in

translational part of
kinetic energy

Derivative functions in
potential energy

Derivative functions in ro-

Unit

inches

tational part of kinetic energy

Accelerations of the
generalized coordi-
nates I = 1,...,11

Velocities of the gen-
eralized coordinates,
I=1,...,11

Dimension variable which
saves the generalized coor-

Units of Q@)

second2

Units of Q(i)

second

dinates in Rupnge-Kutta integration




Computer Symbol

Corresponding
Analysis Symbol

Definition

QDSAVE (11)

Q(1)

Q(2)

Q(3)

Q(4)

Q(5)

Q(6)

Q")

Q(8)

Q(9)

Q(10)

24

Dimension variable which

saves generalized velocities

in Runge-Kutta integration.

Translation of re-
coiling parts. Has
initial value.

Fore (+) and aft (-)
motion of spade as-
sembly.

Lateral displacement
of total weapon system

Fore (4) and aft(-)
motion of vehicle and

traversing parts

Up (+) and down (-) motion
of vehicle and tra=
versing parts

Pitch of vehicle and
traversing parts

Pitch of elevating parts
relative to the vehicle.
May have initial value

angle of elevation = vy

o
Pitch of spade assembly

Roll of total weapon system

Yaw of total weapon system

Unit

inches

inches

inches

inches

inches

radians

radians

radians

radians

radians



Corresponding

Computer Symbol  Analysis Symbol Definition

Q(11) T

RHS (11)

RODY (105)

RODX (105)

ROFT R(t)

TIME t

TIMEH
TIMEH2

TIMEHS

XI! Q(l)’ ZETA Eyn,C

XIB, Q(1) + EB,
ZETAB

“gs Np> %

Yaw of traversing
parts relative to the
vehicle. May have
initial value (angle
of traverse = 1),

Right hand side of equa-
tions of motion.

Ordinate of recoil force

Abcissa of recoil force
(time)

Recoil force

Time measured from ini-
tiation of solution.

Integration step size
Defined as TIMEH/2.

DPefined as TIMEH/S

Coordinates of the mass
center of the recoil-
ing parts in O, - E*H'Z’
Note n is generalized co-
ordinate.

Coordinates of point of
application of breech

fare in 06 - E'H'z’

25

Unit

radians

pounds

seconde

pounds

sec

sec

sec

sec

inches

inches




Corresponding

Computer Symbol Analysis Symbol Definition
Xic, Q(1) + EC, gc, Nes Ze Coordinates
ZETAC application
force in O
6
XIR, Q(1) + ER, £ n ER Coordinates
ZETAR B R application
force in O
6
XIXX(I)
I=1,2,3,4,
XIXY(I)
XIXZ (1)
XIYY(I)
I=1,2,3,4,
XIYZ(I)
XI1ZZ(I)

XI1, ETAl, ZETAl El, Ny §1

XKK1, XKK2 K

26

of point of
of recuperator
- z2'n'z'

of point of
of recoil
- E'g'z!

Moments of inertia of
masses about their prin-
cipal "X" axis where Q, R,
S, T, U correspond to

5

Cross products of inertia

Cross products of inertia

Moments of inertia of
masses about their prin-
cipal "Y" axis where Q, R,
S, T, U correspond to

5

Cross products of inertia

Moments of inertia of
masses about their prin-
cipal "Z" axis where Q, R,
S, T, U correspond to

I=1,2,3,4,

Coordinates

5

of the mass

center of the elevated
but non-recoiling parts

in O6 - ='g

Zl

Effective spring rate of
one of the braces

Unit

inches

inches

1bs sec” in

lbs sec” ia
2

lbs sec dm

1bs sec™ in

1bs sec” in

1bs sec  in

inches

pounds/inch



Computer Symbol

Corresponding
Analysis Symbol

Definition

XKP11, XKP12,
XKP21, XKP22

XKY1l, XKY2

XK(1,1), XK(1,2)
XK(2,1), XK(2,2)

XL (1,1), xM(1,1), 1

XN(1,1), XL(1,2)
XM(1,2), XN(1,2)
XL(2,1), XM(2,1)
XN(2,1), XL(2,2)
XM(2,2), XN(2,2)

XLENGH

XMASS (1)

XMASS(2)

13

'
K 13

137 ™37 P43

27

Horizontal ground spring
at four roller wheels to
prevent lateral translation

Spring rate of horizon-
tal ground springs asso-
ciated with spade assem-
bly.

Spring rates associated
with ground springs at
front and rear roller
wheels

Coordinates of ground

springs at front and rear

roller wheels
i = 1(right) i=2(left)
j = 1(front j=2(rear)

in O - X"YHZ"
4

Length of equilibrator

Mass of the vehicle

Mass of the spade assem-

bly

Unit

pounds/inch

pounds/1inch

pounds/inch

inches

inches

pound second
inch

2
pound secound

inch




Corresponding

Computer Symbol Analysis Symbol

Definition

XMASS(3) M

t
XMASS (4) M

e
XMASS (5) Mr
XMU u
XNN2,XNN3 N,, Ny

zZ(I) I =1,2,...90

Mass of the traversing
but non-elevating parts

Mass of elevating but non-

‘ _recoiling parts

28

Mass of recoiling parts

Coefficient of friction
between vehicle trdad and
ground

Coordinates of the equili-
brator attachment peints
to the traversing but non-
elevating parts in

e 1v

Os - XivY;YZ

Unit

pound second2
inch

2
pound second
inch

pound second2
inch

inches

Factored algebraic expressions
to reduce the number of arith-

metic operations



3.2 Technique of Generating Energy Expressions and Generalized

Forces.

The techniques used in the development of Appendix A are illus-
trated in the following paragraphs.

Assuming a vector to be defined in one coordinate system, it is
necessary to determine a coordinate transformation which will define
that vector in a different coordinate system. These coordinate trans-
formations are needed to refer velocity and displacement vectors to
a fixed coordinate system and angular velocity vectors to the appro-
priate body axes. As an example, three coordinate systems are defined.
They are: (1) Ol—ABC, an inertial coordinate system (fixed in space)
having its origin at the mass center of the weapon system in the em-
placed position; (2) OZ—AIBICI, a coordinate system initially coinci-
dent with Ol-ABC and remaining parallel to 01~ABC at all times where
0, is the center of mass of the system; and (3) 02—A"B"C", a coordinate

2
system fixed in the weapon system and moving with it

c' ¢
A=Al +x
B = Bl
0 B' c=cl
2/
A" g, 3.1
or
A Al b4
= 1 - =
B + Al where Al 0
Cl
Al = A Cos 8 + C Sin 6
-
B B,
cl =-A, Sin 6 + C Cos 6




thus

Al A Cos 6 0 Sin 8
Bli = a B, Aa = 0 1 O
c! ¢, -Sin 6 0 Cos ©
Al = A" Cos ¥ - B" Sin ¢
B, = A" Sin ¢ + B" Cos V¥
= " -
Cl C
and -
~ - o “3
Al-] A" Cos ¥ ~Sin ¥ 0
B1 = Ay B"| where Ay = | Sin V¥ Cos ¥ 0
ClJ C 0 0 1
- e - b o
and hence by successive substitution
A AII
== " = L ]
B Al + AZ B where AZ Aa Ab
C"
The matricies Aa’ Ab, and AZ are orthogonal and hence their in- .

verses are their transposes. Now if the coordinates of a point in
the weapon system are known in OZ—A"B"C" they can be determined in
Ol—ABC. All transformations in Appendix A were determined in this

fashion.
The absolute angular velocity of the system about the 02—A"B"C"

coordinate system is (see Figure 3.1 and 3.2)

w = 0 siny |
X . .
W = ® cos ;
y . v g
w, = ]

30



or

w 0
% -1

wy = )\b )

wz AVBMC" x

All angular velocities were obtained by similar transformations.
Defining an element of mass in the weapon system to be dm and the
vector from the origin of the fixed coordinate system to that element
of mass to be ;} then the kinetic energy (dt) of that element of mass

is

Define

> -> -

p=P+p
where B is the vector from the origin of the fixed coordinate system

-.)
to the mass center of the weapon system and p is the vector from the
mass center of the weapon system to the element of mass dm. Now
. s . .

dT = 1/2 @ +p) @ +p)dm
Since the weapon system has a rigid body rotation, then

33 > ->

p =wXxp
thus

T = 1/2 B +uxp)s @ +0 xp)dn

expanding and integrating
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(
xdem+J(ZS xp) + (@ xp)dm
M

=

The sum of the first moments of a mass about its own mass center is

zero. Thus

1l
o

Jp dM
M

- >
and w X p can be written as;

(3x 3) = i(wyz “ wzy) + j(wzx - wxz) + k(wxy - wyx)

and
(
J!((-;x;—;) -'((-Sx g)dM =wi [(y2+22)dM +w}2, J(x2+zz)dM
M M M
2 2 2 f
+wz (x= + y°)dM - 2wxwaxy dM
M M

- 2w wszdM—Zw wjysz
v oz y 2z
M M

By definition of moment of inertia and cross products of inertia

> > > _ 2 2 2
1/2 j(wx p) * (wx p)dM 1/2 (waX +Iywy+ Izwz)
M

- (I ww +I w )
Xy

w *TI ww
Xy Xz X Z yz y 2



Neglecting cross products of inertia the kinetic energy of the weapon

is

=3
]

3 3
1/2MP » P+ 1/2 (I w2 + I w2 + 1 w?)
X X yy z z

where

and the w; are as previously defined. Ix, Iy, Iz are the principal moments

of inertia of the system about the A"B''C" axes.
The potential energy of a mass is simply the weight of that mass
times the Z-coordinate of its mass center as measured in the fixed

coordinate system. Define

>
|13

[0 0 1], then for our example

Fnergy stored in a spring having a spring constant K is

U, = 1/2 K (AL)?

where AL is the extension/contraction of the spring. It is only necessary

to define L as a function of the generalized coordinates.

Associated with springs in a system is damping. Thus for the
Spring K assume a damping coefficient C. Then the dissipative function

for damping corresponding to the energy function for the spring is

ﬁz = 1/2¢C (AL)?
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Assuming a forcing function, F(t) to be applied at as a2, a3 in

0, -A"B"C" then in 0, - ABC the point of application is
Ag 21
=\, +
Bf Xl AZ a2
C¢ 23

The direction of the force in O1 - ABC is

] Fl(t)

>‘2 Fz(t)

F_(t
53(t)
The generalized force is then written as

Fl(t) al
a .
= * ——— +
Q = A, | Fp(0) 3t 41 T2

F3(t) ag

where 1 refers to the particuiar generalized coordinate q.

There are four basic moments acting on the elevating parts around
the trunnion: (1) the moment due to the weight of the elevating parts,
(2) the moment due to the equilibrator, (3) the moment due to the breech
force, and (4) a moment due to the friction brake. The friction brake
will offer sufficient torque to cancel out the other three moments and
no pitch motion occurs until the algebraic sum of the other three
moments exceeds the maximum torque that can be generated by the friction
brake. Then the brake will offer a constant (maximum) resistance until
the pitch velocity becomes zero. This is the argument used to generate
the logic for the mathematical simulation (in Appendix A) of the friction

brake.
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3.3 FORMAC Procedure

This section describes the procedure that was used to obtain the
necessary partial derivatives to solve Lagrange's equation of motion
for those energy expressions derived in Appendix A by utilizing the
results of Appendix B. The translational part of the kinetic energy
will be given first, followed by the remaining energy expressions.

Equations (A-7) through (A-11) of Appendix A can be obtained
from the definitions given below by summing combinations of the

appropriate expressions.

= +
PT(1,L) = Ay xZAS
PT(2,L) = A%,
hy 1
PT(3,L) = Aleo + xlel hy J
hy
PT(4,L) = A Ah,
f
PT(5,L) = A, A, | f,
f
3
PT(6,L) = A A A Ag
&
PT(7,1) =A A A Ag | 1
S
€
PT(8,L) = ngsx7x9 n
z

where L = 1,2,3
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It is more efficient to differentiate these eight quantities
rather than differentiate the five original position vectors a,ﬁ,g,%
and ﬁ as repeated terms will expand the derivatives into very large
expressions. By working with the smaller quantities, the analyst is
able to quickly reduce the size of the partial derivatives utilizing
the replace statement in the FORMAC program, see Appendix E. Also,
computational costs are higher if differentiation is performed on the
original expressions as considerably more core storage is necessary
and, in general, the expressions just become too large to handle
efficiently. The entire FORMAC program for this problem required
230K bytes of core using TSO. However, in order to keep the core
size at a minimum, quantities that weren't needed for certain com-
putations were commented out.

The break-up of the five position vectors into the eight smaller
vectors appear exactly the same here as in the FORMAC program, see
Appendix C. After the definition of these quantities has been made,
the differentiation can proceed. As required by equation B-11, first
and second partials are to be taken. Once this has been accomplished
the expressions are punched in FORTRAN format. The first and second
partials of these eight expressions are defined by the subscripted
variable PT(1,J,K,L), ... , PT(8,J,K,L) where J = 1,2, .,, , 11 and
represents the partial derivative with respect to the Jth generalized
coordinate; K = 1,2, ... , 12 and represents the partial derivative
with respect to the Kth generalized coordinate except when K = 12,
This signifies only one derivative has been taken; L = 1,2,3 for the
x,y, or z direction.

Near the beginning of subroutine NAME in the FORTRAN program; the
differential expressions PT(I,J,K,L) are combined to give the partial
derivatives of the original position vectors. These derivatives have
the variable name PKE(I,J,K,L) where I = 1,2,3,4,5, for the five

position vectors and the J,K, and L run to 11, 12, and 3 respectively.
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The next energy term to be discussed is the kinetic energy
(angular part). Equation (B~14) determines the derivatives that are
needed for the rotational part of the kinetic energy. Since the
inertia terms are constant in the A and B vectors of equation (B-14),
all that is necessary at the moment is to define the quantities
wx(i), Wy(i), and wz(i) where i = 1,2,3,4,5 for the five masses and
then differentiate these terms. This procedure begins on line 2390
in the FORMAC program of Appendix C. Because equations (A-5) and
(A-6) are equal, only four angular vector quantities need to be
differentiated. The definition of the four quantities begins on
line 2650, however, the development starts on line 2390 and because
of the ease in following the program, it is not necessary to discuss
the matrix operations defining the angular velocity expressions.

The inertia terms are combined with the partial derivatives of
the angular terms in the FORTRAN program. Also, the coefficients
of the acceleration terms are added to the acceleration coefficients
of the translational part. The remaining terms are added into the
right hand sides. Because equations (A-5) and (A-6) were equal,
it was not necessary to calculate the partials in (A~6), However,
their corresponding inertia terms have different numerical values
and must be combined appropriately. Therefore, equation (A-6) is
set equal to equation (A-5) in subroutine DER2 so that this can be
accomplished. Thus the subscripted variable for the masses now
runs from 1 to 5.

Since differentiation with respect to the generalized velocities
is required, the definition of the subscripted variable changes for
the angular quantities. These are as follows for the variable
PW(I,J,K,L). I =1,2,3,4,5 and defines the Ith mass that is being
delt with., J =1,2,...,12 and defines which partial derivative has
been taken with respect to the Jth generalized coordinate, K =
1,2,...,12 and defines which partial derivative has been taken with

respect to the Kth generalized velocity. L =1,2,3 for the x,y or z
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direction. When J = 12 and/or K = 12, this indicates no partial has
been taken with respect to the Jth generalized coordinate or the Kth
generalized velocity or both. An examination of equation (B~14) shows
both the A and B vectors are required with no derivatives, The deriv-
atives for equation (B-15) already exist from those taken in equation
(B~14). Since there are not any similar terms in these two equations,
the negative of (B-15) is required as was not the case in the trans-
lational analysis.

The partial derivatives of the subscripted variable OMEGA (I,L),
which begins on line 2650, are defined to be PW(I,J,K,L).

A discussion of the derivatives for the potential energy will
now take place. The potential energy function, PE, is defined to be
PE = g Ui’ see equation (A-15). As required by equation (2.1), the
part};} derivative of each of the six components of PE with respect
to the generalized coordinates must be taken., The BUl/Bqj did not
actually habe to be performed as all of the required derivatives have
already been calculated from the kinetic energy. This is discussed

in section 2.5
9 U3, and U4 can be followed in the FORMAC
program starting at statement number 3710. In statement number 3860,

LAM25 (1,KKK) was LAM25 (3,KKK) when 3U2/8qj was taken. The 3 was

The derivatives of U

changed to a 1 for the partial differentiation of U, in the dissipative

energy. Working with TSO, this change was very simile as compared to
coding additional statements. This short cut is rather unfortunate
as the step by step procedure in the FORMAC program is not entirely
in sequence. Only 230K bytes of core was allowed and thus every
possible use was made of every previous operation,

The subscripted variable PU(I,J,K,L) for the potential energy
has the following definitions for the subscripts. I = 1,2,3,4 and
refers to Ul through U4' U5 and UG are added to the right hand sides
in subroutine NAME. J = 1,2,...,11 and represents differentiation

th
with respect to the J generalized coordinate. K = 12 since second
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partials are not taken. L = 1,2,3,4 for the U2 as this term was

broken up into 4 terms due to the 4 ground springs, see definition

of variable DA(I,J,K,L) in section 3.1, U3 and U4 were each performed

in two parts as indicated by equations (A~13) and (A-14).

The dissipative energy function, DE, is defined as DE = ﬁl + ﬁz +
U3 where U1 U2 and U3 are given in equations (A-16,17,18). The DE
function requires differentiation with respect to the generalized
velocities. Thus, for ﬁl in equation (A-13), let EXP stand for the
expression involving the sums and products of the matrices. Then,

2
1 d
1~ 3% [dt EXP]

=]

Consider now

d OEXP + + OJEXP - JEXP -
L EXP = —q, = q, + cec + g
)
dt 9y 1 3q2 2 Bqn n
WV 5 |1 SEXP JEXP
- T . 2 ij aq 1 oot aq n
3qj 9 i 1 n

JEXP - oEXP - JEXP
- Ci' Bq q1 toeee ot aq qn aq
] 1 n 3

Therefore, only the BEXP/qu is calculated and the sums and products
of terms are performed in subroutine NAME, The utilization of the
calculations performed in the potential energy were taken advantage

of in obtaining the expression EXP,
* 2
C
; @)

Nl =

The necessary derivatives for the dissipative function U, =

2
may be obtained by the following analysis.

5L
d 2 2 . 2
— = + ene

at Lo 3q, a + , 92 T

aq
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~Zoc dy)—2 =c d,) 2
34 2 34 2 aqk
Tk Ik
. BLZ
Thus, only 3L2/8qk needs to be determined, Ci(Lz)EEr- is assembled
in subroutine NAME. k
The same analysis is performed for U That is,

3"

8U3 . 9 3L3 )
—Q = B(LB) 3q.

3

9 k

where
oL aL oL

. 3- 3- 3.
L,=5~~4q, +5—q,t  +—g

3 Bql 1 qu 2 Bqn n

The required derivatives for the generalized forces are defined
in section A6 of Appendix A. The reader can easily follow through

the FORMAC program by refering to section A6 and subroutine NAME,
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4.0 CONCLUSIONS AND RECOMMENDATIONS

This report exhibits the techniques of utilizing FORMAC for the
generation of the equations of motion of a complex weapon system,

The development of this technique was a major objective of this effort.
It allows the analyst to spend considerably more time formulating the
problem and not be too concerned about the enormous amount of math-
ematics to be performed. It also allows a completely nonlinear model
to be developed and thus it is no longer necessary to linearize the
generalized coordinates to achieve simplification of expressions. The
procedure of linearizing is very time consuming, nearly impossible

for large degree of freedom systems, and the risk of generating
numerous errors is quite high. Utilizing FORMAC, the differential
expressions are punched on cards in FORTRAN format which eliminates
any potential key punching errors.

A computer model has been developed for the simulation and is
operational. The model output appears reasonable based on current
data available and a knowledge of how the system performs under
dynamic conditions of firing. Due to the impending closure of Rodman
Laboratory it was necessary that this report be written in a limited
time frame since both authors were leaving the laboratory. The work
presented in this report was initiated during the month of October,
1976 and was terminated in January, 1977. Therefore, some refinements
and corrections to the model which would have been made if time per-
mitted are discussed below.

A better understanding of the friction brakes in both the
elevating and traversing mechanisms and an improved logic criteria
is desired. The value 8 may be a "break away' torque and under

EMAX
dynamic conditions is inaccurate. A more desirable logic might be

if |a‘3t—(1§)| < BEMAXtheny=y'=0soAy=o
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, d M - L. ’
if | It (Iy) | » BEMAX then BE BEMAX (Signium v)
2 2 2 2
= +
where L=Tp, t e vM (0 +07) +Mp(q +2))

A more accurate value of BE may be obtained when test data becomes
available. _

At the time of this analysis, only the total resisting force,
R(t) + C(t), was available and was defined to be R(t)., These forces,
R(t) and C(t), should be individually determined as functions of the
generalized coordinates to permit parametric variation studies on
orifice area effects and to justify optimization design studies as
meaningful. The computer program has been writtemn to accommodate
these changes.

Determination of the hydraulic force coefficient (B) resulted
in such a large force (due to the exceedingly small orifice area)
that it exceeded the force expected from deformation of the cylinder.
Therefore, the spade cylinder was ignored in the computer runs by
setting B = 0. However, if modification to the spade cylinder are
made to allow the ¢ylinder to act as a shock absorber, the design of
the cylinder may be evaluated by this model,

Initial conditions may be determined in two different ways:

(1) set oP.E.

dq,
equations for initial values of the generalized coordinates or (2)

= 0 and solve the resulting system of algebraic

assign a dashpot with each spring and without applying B(t), let the
computer solve the system of equations until equilibrium is obtained,
The resulting values of the generalized coordinates are then used as
initial conditions. Due to time limitations, a simple static analysis
was used to define initial conditions for the sample output of
Appendix F.

A secondary output from the program is the dynamic loading on
the various components. Spring loads are directly determined from

the program, However, to determine interaction loads on various
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components, free body diagrams will have to be developed and equations
of motion written for the components, Since accelerations of the
components are known from the program, it only remains to solve for

the forces which should then be compared with the results from
experimental test data., Finally, the model should be validated against
data obtained from field tests which are to take place during FY 77.

43




References

1. Faddeeva, V,N,, "Computational Methods of Linear Algebra,"

Dover Publications, New York, 1959

2. Unpublished M110 Vehicle Study, Pacific Car and Foundry
Company, Jan 1976

3. IBM Corporation, PL/I - FORMAC Symbolic Mathematics Interpreter,
Hawthorne, New York, 1969

44



DISTRIBUTION

Commander
U.S. Army Armament Materiel Readiness Command
Rock Island, IL 61201

1 ATTN: DRSAR-LEM

1 ATTN: DRSAR-ASA

1 ATTN: DRSAR-SA

1 ATTN: DRCPM-M110E2-TM
1 ATTN: DRCPM-CAWS
Commander

U.S. Army Test Evaluation Command
Aberdeen Proving Ground, MD 21005
1 ATTN: AMSTE-FA

Commander

Aberdeen Proving Grounds

Aberdeen Proving Ground, MD 21005
1 ATTN: STEAP-MT-A

Commander

U.S. Army Materiel Command
5001 Eisenhower Avenue
Alexandria, VA 22304

1 ATTN: AMCRD-WC

Commander

Watervliet Arsenal
Watervliet, NY 12189

1 ATTN: SWEWV-RDD

1 ATTN: Tech. Library

President
U.S. Army Artillery Board
Fort Sill, OK 73503

Commander

U.S. Army Armament Research and Development Command

Dover, NJ 07801

2 ATTN: DRDAR-LCW-S
1 ATTN: DRDAR-LCW-T
1 ATTN: DRDAR-LCW-A

Commander

U.S. Army Field Artillery School
Fort Sill, OK 73503

1 ATTN: ATSF-MM

1 ATTN: ATSF-CRD-WC

45




12 Commander
Defense Documentation Center
Cameron Station, Bldg. 5
Alexandria, VA 22134

Commander

U.S. ARmy Field Artillery School
Fort Sill, OK 73503

1 ATTN: ATSF-CD-C, J. Porter

46



APPENDIX A

Derivation of Energy Expressions and Generalized

Forces for M110 Self-Propelled 8" Howitzer




APPENDIX A

Derivation of Energy Expressions and Generalized

Forces for M110 Self-Propelled 8" Howitzer

Al. Coordinate Systems

0, - ABC
0, - A'B'C'
0, - A"B"C"
0, - X2
0, - x'y'z’

an inertial coordinate system having its origin

at the mass center of the weapons system combi-
nation in the firing position. The O1 - AB plane
is horizontal and parallel to the earth's surface.
The Ol - BC plane is vertical.

a coordinate system having its origin fixed at the
center of mass of the weapons system combination.
This coordinate system is at all times parallel to
0, - ABC. The coordinates of 0, in O, -~ ABC are

1 2 1
(x, 0, 0).

a coordinate system reflecting the roll (6) and
yaw (y) of the weapons system combination. The
coordinates of the mass center of the vehicle (03)

are located in this coordinate system by (al, ay, a3).

a coordinate system having its origin at the mass
center of the vehicle prior to the y and z transla-
tions of the vehicle and is at all times parallel
to 02 - A"B"C".

a coordinate system having its origin fixed at the
mass center of the vehicle. This coordinate system
is at all times parallel to O, - XYZ. The coordi-

3

nates of O4 in 03 - XYZ are (0, y, z).



O - X”Y"Z"

05 G GA AL

o - xiinvzlv

0, - EHZ

a coordinate system fixed in the vehicle and re-
flecting the pitch (¢) of the vehicle. The end
points of the braces and spade cylinders arelocated

in this coordinate system by (Al, Az, A3), (a,, A2,

fi) and (Bl’ B2’ B3), (Bl, BZ’ B3) respectively.

a coordinate system having its origin at the center

of the traverse bearings; O, - Z"' being the center

5
of traverse. This coordinate system 1s at all
times parallel to 04 - X"Y"Z". The coordinates

- iyttt
of 05 are e, €,, €4 in the 04 X'Y"Z" coordinate

system,

a coordinate system that reflects the traverse an-
gle, T. The coordinates of the mass center of the

f

traversing but non-elevating parts are fl’ f2, 3

in this coordinate system.

a coordinate system having its origin fixed at the
midpoint between the trunnions. This coordinate

system is at all times parallel to O5 - Xiininv.

a coordinate system that reflects the pitch of the
gun (y) relative to the understructure. Note that
the initial value of y 1s the angle of elevation.
The coordinates of the mass center of the recoiling
parts are £,n,; in this coordinate system. The
coordinates of the mass center of the elevated

but non-recoiling parts are El,nl,cl.




0 - \EtARAA
7 u'v'w

a coordinate system having its origin at the center

of pressure of the spades. The coordinates of O7

in 05 - XYZ are (g, 85V, 8;)-

a coordinate system fixed in the spade and reflecting

the pitch (v) of the spade. The coordinates of

the mass center of the spade are (hl, h2, h3) in

this coordinate system. The coordinates of the

end point of the spade cylinders and braces attached
1) \} )

to the spade are (i}Cl, C2, C3) and (+ D], D2, D3)

respectively.

A2. Coordinate Transformations
C

A Al
— t
B B + Xl
C c'
where
Xl =
0
A'
A1
' =
B Aa B1
]
C C1
where

cos © 0 sin ©

-sin © 0 cos 6



So

and

Now

where

A A"
B"
C C"

=
f
>

cos §
sin ¢ cos ¢
0 0

~sin ¢

A"
B" where Az = A A

X Xt
Y = Y'
z A
Yl
where

0
Moo Sy

4

+ A




and

\ X‘ Xll
le ¢ Z' Yl = )\ Y"
5
Z' ZII
YII
¢ where
\ L
4
0 0
X" " AS = 0 cos ¢ ~-sin ¢
X

-0 gin ¢ cos ¢}

X" X" \j
Y" = Y"' + A
6
z" ZH 1 4
where
€1
‘ * = €2
1 €3
i
So Zn ) ZiV X” ' X v
"e iv
Y = X7 Y
Z" ] Ziv
Yiv
05 Ynl
cos T -gin T 0
X" | A7 = sin T cos T 0
T/ iv 0 0 1



and

[§3]

Z'

H'

1

Xiv
Yiv
‘Ziv

where

(4]

N =
]

where

1
Ag =10
0

A-7

O

R3]

N

(3]

j=s}

0
cos Y

sin v

0
-sin vy

cos Yy




Now

and

u'

v

U'
V'
w'

10

0
cos Vv

sin v

0
~sin v

cos Vv



A3. Kinetic Energy

Define
M : Mass of
vs
M :+ Mass of
v
MS : Mass of
Mt : Mass of
M : Mass of
e
M Mass of
T

vehicle/spade combination

vehicle

spade

traversing but non-elevating parts

elevating but non-recoiling parts

recoiling parts

Define the coordinates of the mass center of M

i

Mvs : x, 0,0 in 01 - ABC
MV ays 855 a4 in 02 - A"B"C"
MS hl’ h2, h3 in O7 - u'v'w'
M, i £, f,. £y dn Og - xiVyivziv
Mr £, n, T, in 06 - 2'g'z!
Define the vectors in the O1 - ABC coordinate system from O

the mass center of Mi as

—>
M P
vs
M [
v ->
M &
S
M : 8
.
—>
M T
e
>
M i
r

and the vectors to an element in M, as

1

A-9

1

to




=

Vs

= m.’?- ﬁz m.':{ <3

gy ety 0¥ Ryodod

+
Define p as the vector from the mass center of Mi to the element of

Mi’ e.g.

pPX
Py
pz

and

qx
qy
qz

Also

rx

ry
rz

-1
= )\b
AIIB"CH
-1
= }\5
XHYHZI'
-1
= A
U'V'W'

< D O

PX

w
|24

wbi

pPX
w
Py

| e |

A-10

(A-1)

(A-2)

(A-3)



Now

and -

Finally

sX

w
§X

W
sX

[
tx

wty
wtz

ux

w
uy

uz

n
==
™

E'H'Z'

wtx

wty

w
tz

A O O

O O <X

The kinetic energy differential is written as

Since

then

but

2y

ade

O e

A-11

(A-4)
(A-5)
(A-6)




sO

or L ] * o [ ]
—>. =l/-—>+ ->.->- -+ e > .+ 5>
J% q*qdM =35QQM +Q wQ‘IpQ de + % [(wQ X oQ) (wQ X pQ) de

M M M
v v v

and neglecting cross products of inertia

> -> . -> =1 2 2
5 [(mQ X pQ) GIQ X pQ) de 5 (IQX wQX + IQY wQY + IQZ wsz)
M
v

- 32 + L R2 4+ L a2 T2 41 2
KE %MVQ ZMSR ths +l§MeT +1MrU

2 2 2 2
* % (Tox 9oz + Ty “qv * oz QZ) + % (Ipyg + Tpy Y&y * Trz YR

L W2 02 2 ) w2 w2y 2
+ 3 (Igy wgy + Igy wgy + Igy wgy) + % (Ipy wpy + Lpy wgy + Iy, wgy)

1 2 2 2
+h (Tyy wpx ¥ Tyy Yy + Tyz Yuz)

where wij is the absolute angular velocity of the ith body around the j axis

of that coordinate system fixed in the body.

A-12



Now

Qa
Q, = A+, (>\3+>\4)
Q
. CJ
© L]
Ra h1
Ro| = At gt hptry |
L Rc h3
T
a | fl
S . , .
Sb = Xl + AZ k3 + A& + Xs X6 + X7 f2
[ “c | f3
o]
Tb = Al +X2 l3 + A4 + XS A6 + A7 X8 + kg
| T |
= Al + AZ X3 + XA + AS A6 + X7 AS + Ag
L ©

A4, Potential Energy

Define-

we [oo ]

Then the potential energy of the component weights is given by

A-13

(A-T7)

(A-8)

(A-9)

(A-10)

(A-11)




{ h
U, = {M 2 [k + 1
1 vio M1t Ay Ayt )+ Moo fA * 4 Ay + A0+ A h

10 11 2
3
fl
+M A
¢ o [Al + AZ[ A3 + A4 + AS [A6 + A7 f2 ]]]
f3
- g11
+M A [ A+ A
e 0 [ 1 2 [AB + A4 + AS [Ké + A7 AS + X9 N (A-12)
L 51
r -
+M 2 :
v 0 Al + AZ A3-+ A4 + AS A6 + A7 A8 + Ag n g
{ c

Assume vertical ground springs at the front and rear roller wheels. In

0, - X"Y"z", define the coordinates of the point of contact between ground
j iy’ nij for 1 = 1,2 and j = 1,2 where 1 = 1 is
right, i = 2 is left, j = 1 is front and j = 2 is rear.

and roller wheels as li , M

The coordinates of the roller wheels ground contact in O1 - ABC are

rlij
SRR VRIS m

niJ

and the extension/contraction of the springs is

1. 1

1j ij
X, AL+ Ay A+ a2 m - Ay + m
n,,. n,,

ij ij

and the energy stored in the springs is

A-14



L "13
-
ij 2
- )\ + . =1 62
3 ?I.J 1 ZKi. i3
i3

if § 13 <0 Fhen Kij =0

The coordinates of the end points of the braces prior to motion are
(in 0, - U'V'W")

7
AL L
A, '
Ak g, * D
A
_2 - gz ’ Dé
'
| fl | g3 D3

i "'1 i 1 i v1 2 3
A Ay g D
-— M ==
) - | & ) Ly
1
i f‘_B_ J { g3 | L D3d

The coordinates of the end points during motion (in 07 - U'V'W') are
A
b}

o A h + D
A, o+ e e

AMil a2 A TR .

-2 2

A D}

Thus the length of the brace, L2, is

A-15




\J

Ap Ay *n
-1 - - ' =
MMt As (A *10 ) Ly
A |
L—é- J 5 D3J
The energy stored in the braces is
U,=%K, (L, - L )2 i=1,2 (A-13)
3 EE S | 271 ’

The coordinates of the attachment of the two ground springs (always per-
pendicular to the spade) in O2 - ABC are (+ Oys s a3). In the O7 - u'v'w!

system the coordinates are

+ a

-1 -1 -1
‘il M o) ST BT

O3

Prior to motion, the coordinates of the spring attachments in 07 - u'v'w'

are
e 3t g
Gl T |2t
%3 a3+ 2,
The displacement of the springs, §;» 1s the "y'" component in
VAR AL \ r 3+ 8
My M %2 TM )T s A10) } %l " %27t 8
GB 0.3 a3 + g3
and so
-2
= L ' o1 = A-14
U4 ¢ Ki 61 i 1,2 ( )

A-16



2 = BE - [Nz [- N3 - (O2 - d2) Sin y + (03 - d3) COS'Y]

- N3 [- N2 + (02 - d2) Cos y + (03 - d3) Sin Y] ]

0 0 2 1/2
- -1 -
L N2 Yg O2 A8
Ny Oy

where

By = B(t) - cBuntil B(t) * ¢ > BEMAX then B, = BEMAX

when ; < 0, BE =0

Also, the energy associated with the traversing parts is defined as

U6 = BT tT

where

B, = B(t) (-t;) until B(t) | ¢ | > 8

B TMAX

then B_ = R when T < 0, B_ =20
T T

TMAX

The potential energy functionm, PE, is defined as

A5,

PE = IU, (A-15)

= MO

Dissipative Energy

The dissipative function associated with the roller wheel springs is

A-17




. 1 .
d ij
=1 —
Ul s Cij {’dt {flo [Al + Az [AB +_X4 + AS mij ] ] }

n,.
1]

The dissipative function associated with the brace is

= _ .d_ _ 2

Up =’ Cpp [dt @y Lz)]
or since il =0

U, =%c, (i)? (A-17)
2 iB "z

The coordinates of the end points of the spade cylinders during motion

(in 07 - U'VW'W') are

. 1» B 6
-— |
Mil Mt 2s By Mo o Cy
1
B, Cy
Thus the length of the cylinder is 2 .4
Y ]
. By, B, +C
- '
Ly M1t A5 | By Ao Cy
. ]
By Cy
Thus
U, = 1/3 8 (i) (A-183)

The dissipative energy function, DE, is defined as

D.E. = LU

=MW

i

A-18

(A-16)
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Note that there is no dissipative function associated with the yaw and

pitch springs of the traversing and elevating parts, respectively. Also

>l3>
w

N‘Q
09
o N

where o = specific weight of oil, A = area of piston, and A0 = effective

are of orifice.

A6. Generalized Forces

The breech force acts at (EB, g CB) in the 06 - 5'H'Z' coordinate
system and in the -n direction. The recoil force, R(t), acts at
(EA, Nps EA) in the 06 - S'H'Z' system and in the n direction but is
an external force in the n equation only. The components of the b;each

force in O1 - ABC are

B(t), 0
B(t)g | - Ay A Ay Ag | -B(E)
B(t)C 0

In 01 - ABC the coordinates of the points of application are AB’ BB’ CB

Ay / 3
By = Al + Az A3 + x4 + AS X6 + A7 Kfs + Ag g
Cg °p
The generalized force is
B(t)y , Ag
] = P e =
qu B(t)B aqi BB , where Ng =N + €g
B(t)C CB

A-19




Similarly,

R(t) , Ag
" = 0 e =
Q i R(t)B aqn BR , Where g =1 + €2
R(t)C CR
and
R(t)A 0
R | =2y A5t At Ay | R(D)
R(t)C 0
and
AR &R
BR = Al + Az AB + Aé + AS A6 + A7 A8 + }9 nR
Cr R

Also, a recuperator force, C(t), acts at Ee Ne cc. Thus

C(t)A Ac
Q;' = c(t) . B where n =n+ ¢
B Bqn ¢ c c
C(t)C Cc
where
[cw), 0
tc(t)B SR VIRIE IR W c(t)
C(t)C 0
and
r
Ac . EC
Bc = Al + AZ A3 + Aa + AS A6 + A7 A8 + Ag nc
C 4
c c

A-20



Define

1
AO

b o]

then the displacement of the horizontal ground springs is

: 1
ij
' = !

8 14 XO [ { Xl + Xz { AB + AA + AS mij
nij

lij

- A, + m,,

3 ij

nij

and the horizontal force is - K'_ . A'...
ij 1]

iv
Q 13 such that

~K! ' 2 - ' 1
. ] K ijG 1 if | K 13 8 13 | < U Kij
ij
- 1 e
i Kij Gij (signum § ij) if 1 K 19
Note when 6., < 0, K,, =K',, =0
ij — ij ij
F
iv ijw 9
QY= | O ‘g A A, Ay A A
0

A-21

The generalized force is

=]

ij
ij




APPENDIX B

Mathematics of Solution Technique




APPENDIX B

Mathematics of Solution Technique

Since FORMAC takes only partial derivatives the following analysis
was required to determine which derivatives are actually needed and
once they are obtained in what manner are they combined to produce the
equations of motion.

To begin the analysis the expression for the Lagrangian which

yields the equations of motion is

d 3(KE) _3(KE) _ 3(DE) . 3(PE) _

dt 3q, aq., 3q. aq. j
qJ qJ qJ qJ J

(B-1)

where j=1, 2, ..., k
KE = Total kinetic energy
DE = Total dissipative energy

PE = Total potential energy

Fj = Generalized Force

qj = Generalized coordinate

q, = Generalized velocity

tJ= Independent variable, time

k = Number of generalized coordinates

Consider at first only the kinetic energy terms of equation (B-1)

and write
d 9(KE) _ 3(KE) _d 3(T+W) 3 (THW) (8-2)
dt 34, 9q, dt  3q, 3q.
q_] qJ qJ qJ
where T = ET., T is the translational part of the kinetic

i=1 energy



W= W is the rotational part of the kinetic energy

i

|13 g Vo

W.,
ll

n = Number of masses

> 5
1/2 MiQi'Q.

Ti - i
S o a2 | @) Gy
Wi'Qi"”ini it J(‘”ipi Wi/
M, M,
i i
M, = iEh mass
l .
> .o . th
Q. = Position vector of the i- mass
i
>
p. = Vector from the mass center of Mi to an element of Mi
i
wy = Angular velocity of mass Mi

Now consider only the Ti and dropping the subscript on the T for
convenience as though only one mass is being studied at this time. An

examination of the expression (B-3) will proceed.

T
4 39:Q (B-3)
dt  23q
Y B S S I S
T = G 4G, = 20,10
where 3+
- _ T
Qq - 3%; q = [qlsq2’°"’qk]

Since Q is a function of the generalized coordinates only, i.e.,

* )
Q = Q(qlaqzy"'9qk

th dzx_>_8Q 8 3 5
en 4d3-3=95 G4 e 24 = Qq -

B-3




where the double subscript on i refers to the Einstein summation

notation and runs to the value k. From (B-4)

3 > > >
Q. =[Q 4 +Q 4, + ... +Q ¢].
q ;1 Tq,72 q k4
-8l 8 gt gyt g e T g4+ d
4,971 qy71q 2q q, 24" 9k e kg
Since 6 is a function of only the coordinates
. ) -> a' >
% “%q, 34 Tha, 84 & 7 Tdq %4 da
3
or . = B-5
& " ¢ | (B-5)
Therefore,
3 3
m=2-&.—&=2—>.-&

and

33

For one mass, say T = 1/2MQ*Q, then
4 [a1)_a [01/203:Q] _d [z &
dt | 39 | dt 3q T MQq°9}

B-4



Examination of the term

d 2z 2
It [Qq'Ql
yields
d = 2.3 S —>.—.>,
i [.-q = Q8+ 6AL Gy e+ QL G

+ [aqc'll'a + 6‘1.3(.[1]&11 + ...+ [aqék'a + 6q.Q<ik]ﬁk

Since 6 is a function of only the coordinates, terms like Qqé1 go
i
to zero and using the results of equation (B-5) the above expression

reduces to

d > 3 > > > 3 . > -+

— . = . + . .

ar g = (g 4 G 08 + e+ g a+ 3, 25qk]qk

+6Q> g, + +63 4 (B-6)
q “q 1 4 “q K




Since

O

3Q +i +_§§_‘
q Bqlql 3q, " 2 e dq, 'k

[__g L 3% L, %
aqlaq l

q, + ... =
quaq ) quaq qk] 6(1:.L

(B-7)

And using the results of equations B-4, 7, equation B-6 becomes

d +o. = e .
I [Qq 6] [Qqql 6qiqi

- "' «() & 4+ 0 -
5& aqiqkqquk ; 3q1q1 Q 3qkq
q -9 4.+ ¢ -3
=q . . q . 4
1%q, "q;71 k“qq, Tq 1
+4 +Q ; 40 4.4
. 4.4 . 4.9
q "q;9; 171 q "q q 1 k
+Q 0 4. +...+0-0 4
q "q; 1 q "q 'k
>
= + .
[qlaqql qkaqqé’quql
+ 4 -[3 ...+ Q ]
. q.4 . q.q
q |99 1 1 9,9, 1k

. : c g+ 8.0 ¢
Jqq; q; i q q;9; 173 q 94 1

B-6

.+ .

+ [6

Q4. +

qq, q; 1



Thus, for one mass the following result is obtained
d oT d 3 . . - > .
_ === =M s (0 | = M X . .+ - _'.
ac 24 dt[ aq Q] l[qj équ 6qiq1 Qq Qq.q. 9393 +

Q-Q g
Qq a, 4 (B-8)
When more than one mass is involved a summation over all masses

must be performed. Equation (B-8) would take the form

4 Ty ,
dt 3 (B-9)

Qe

Before proceeding with the rotational part of equation (B-2), an
examination of the translational part of the second term of that equation is

given below. For ease of notation consider only one mass. Then,

%% =%{ [1/2»43-3] ; q = [ql, Qs - qk]
and

2 [and-dJ-2 a0 23] 2o,
or

3 > . > .
£ =MQ -Q =MQ.q.'Q q. (B-10)

from B-4 and B-7. The results of equation (B-10) also appear in
equation (B-8); and since (B-10) is preceded by a minus sign, these

terms cancel and equation (B-2) becomes

B-7




> > -+
dt 3¢  aq ZMPq'Qq.q.qiqj"LQq'quqi] (B-11)

n
It was seen earlier that W = L Wi, where
1=

s +I dM+l/2( (""x"’) o, x p.)dM
RO T § JMiwi Pyl t Wy X 0y) My
1

= 1/21 (1) wi(i) +1/2 Iyy(i) wg(i) +1/21 (1) wi(i) (B-12)

- [Ixy(i) w (1) wy(i) I e ({@)w (1) + I, (1) wy(i) wz(i)]

since J pi_dMi = 0. Equation (B-12) can be written in matrix form as

Wi = A(di) B(i)
Where A(i) and B(i) are defined as

[ 1/21 (1) (1) - I, wy(i)'T [ ()]
A(L) = | 1/2 Iyy(i) wy(i) - Iyz(i) w (1) [; B@H) = wy(i)
/21 () w (i) - 1 (i) oy 0, (1))

The subscripts are dropped again as a matter of notational convenience.

Moy = (AB). = A.B + AB.
aq q q q q

Since W is a function of the generalized coordinates and generalized

velocities i.e., W = W(ql, Qys +oes dps ql, qz, veey dk) then



d _ ; A. By + A.B ¢

4 [w.]= A. B3, + A, B g4, + ... + q

ar g qa; 1 q 1 @ k4K
 +AB. q. + ... +A B-gq +AB: q

+ Aql B(.l ql A qqlql qk q 'k qqk k

(B-13)

& + A.B. + ... +A.. B4 + A.B. 1
Fhag, M T A% TN S B

1 1 qk q k

+ A. B.q

+ AB.. g4, + ... + A,

B. + AB.., ¢
9 qqk aq I

k

However, terms like A.. and B.(.1 go to zero because each of the
3
1 i .
vectors is linear with respect to the generalized velocities. Equation

(B-13) reduces to

E% [wﬁ] - in(.lqi B + A(.qujé'lj + c’;iAqu(.1 + ABc.lqui
* AgBqly + iy By (10
The remainder of the rotational terms are
—% =AB + AB (B~15)

The above analysis describes which partial derivatives must be
taken and how they are combined for the kinetic energy. The derivatives
of the other energy expressions are either obtained from the kinetic en-
ergy or are completed separately. For the most part, those differential
expressions which cannot be obtained from the kinetic energy are easily
calculated by the use of FORMAC. In order for the reader to see more

clearly the use of equations (B-11), (B-14), and (B-15), a discussion is




given in section 2.0 with FORTRAN to see exactly how terms are combined.
Also, in section 3.3 this is discussed further with actual application

to an artillery problem.
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APPENDIX C

FORMAC Trogram

This appendix contains a listing of the FORMAC program which was
used to generate the differential expressions to solve Lagrange's Equa-
tion. This program was developed on the IBM 360/65 operating system
Time Sharing Option (TSO). A maximum of 230K bytes of core storage was
available and thus segments of the program were commented out when not
utilized. Because of the ease in which TSO converses with the user,
the values of some variables were changed to accommodate a quick form-
ulation for the next energy expression to be evaluated. At all times
maximum use was made of all previous coding and so some expressions may

appear, at first glance,out of place.
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The Square-Root Method

. APPENDIX D

This appendix presents the method that was used to decouple the
acceleration terms, i.e., solve the matrix equation Ai = B. The method
can also be used to solve any system of linear equations of the form
AX = B if the A matrix is symmetric, which is the case when solving
Lagrange5 equations of motion.

The algorithm used is called the square-root method. 1In case the
coefficient matrix of a system is symmetric, finding the solution is
made more expedient by taking advantage of the symmetry. Using the
equations presented in Reference 1 produces pure imaginary numbers in

i the computational scheme and so a modification to that algorithm is
} given here to alleviate the problem of imaginary numbers.

A FORMAC program was developed using the modified square-toot
method to solve a system of equations either numerically or symbolically.
The program is listed here along with results, both numeric and sym-

| bolic. Cards can be automatically punched in FORTRAN format.

FORMAC can be used to obtain symbolic solutions in problem areas
which heretofore could only be approached numerically. This is well
exemplified in this appendix.

The solution of a system using the square-root method reduces to
the solution of two triangular systems. For the equation

AX = F

the algorithm according to Reference 1 is

s, , = Va . s.. = a,./s

11 11 13 177711
1
i-1 £ i-1
s, =la,, -2 32 , 1 >1; s8,, =la,, - L s . s .|/s,., > 1
11 ii =1 mi ij ij o=1 mi “mj ii
1 sij =0, 1>



i-1

f, - L s .k
fl ‘ i o=l MW
k17 kg = s pi>d
11 ii

The final solution is found by the formulas

n
k. -2 S, X
k i . im m
n m=i+1 .
X =—, X, = s 1 <n
n s i s, .,
nn ii

In case the elements of the matrix are such that radicands of the ex-
pression 8,4 are negative, pure imaginary numbers appear in the r w
for which s%i < 0. To alleviate this problem, the following defini-

tions are made

117 %1 ’ °13 " %43
c; = l/sll . c; = l/sii; i>1
i-1 2
s,, =a,, - L s°,c ,1>1
ii ii mi “m
m=1
i-1
s,, =a,, - L . S_, S
ij ij =] B miom
sij = 0, i>7]
=f = —
kl 1 ? ki fl %= ®mi “m “m
n
e ’ Xpmegkyg m L S Xp 3 icem
m=i+1




With this method, approximately n2/2 elements of the S matrix and 2n
components of the vectors K and X are recorded. The square-root method
is widely employed where the solution of symmetric systems is called
for and it is recommended as one of the most efficient methods.

A listing of the FORMAC program is given below. To solve the system
of equations AX = F, only the value N representing the size of the square
matrix A and the variable SOLVE must be changed to produce either a
numeric or symbolic solution.

For N = 11 and SOLVE = NO, the output is contained in the FORTRAN

listing under the subroutine named SOLVE in Appendix F.
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A.

For N = 3 and SOLVE = NO the following calculations as computed by

FORMAC in symbolic form solve the system of equations with symmetric matrix

A3 %351 = Faxl

POTENT CARDS .DATA

READY

S(1,1) = Aa(1, 1)

s(1.2) = A(1.2)

§(1.3) = A(1.,3)

C(1) = S(1,1)%kXx(~-1 )

6(2.3) = A(R2.3)-5(1,2)88(1.3)%C(1)

C(2) = (A(2.2)-5(1.2)%x28C(1))x%(~1 )

C(3) = (A(3,3)-5(2.3)5x2%8C(2)-6(1.3)8%28C(1))XX(~1 )
XK(1) = F(1)

XK(2) = F(2)=-XK(1)%5(1.,2)%C(1)

XK(3) = F(3)=-XK(1)X5(1,3)%C(1)-XK(2)%5(2.3)xC(2)
X(3) = XK(3)%C(I)

X(2) = XK(2)XC(2)-X(3)%5(2,3)%C(2) :
X(1) = XK(1)XC(1)-X(3)%5(1,.3)xC(1)-X(2)%5(1.2)%C(1)

For N = 15 and SOLVE = YES (with the appropriate A matrix now

defined), the following numeric solution is given. The solution of

course is the vector x(1) through x(15).
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APPENDIX E

Removal of Imbedded Terms

This appendix displays the reduction in the number of arithmetic op-
erations that were accomplished by using FORMAC. CHAIN and REPLACE op-
erations enabled character strings involving algebraic expressions to be
replaced by new variable names and thus eliminate millions of arithme-
tic operations during the ekecution of the program.

The first five equations (53 lines of FORTRAN formated output) rep-
resent the partial derivatives of U3 ( part 2 of two parts ) in the po-
tential energy with only the sines and cosines replaced, i.e., S6 =
SIN (Q(6)), C8 = COS(Q(8)), etc. The last five equations (7 lines) are
the result of removing imbedded terms.

A similar type of reduction in the number of operations was performed

on all expressions before the FORMAC output was punched on cards.
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APPENDIX F
FORTRAN Program and Sample Data

This appendix contains a 1isting of the FORTRAN program and a
sample of the output data. The correspondence between the column
headings of the output and the Q(i), QD(i), QDD(1) along with the
units can be obtained in section 3.1. A1l units are in inch, pound,

seconds, and radians.



FOR (RAN

0001
0002
0003
0004

0005
0006
0007
0008
0009
0010
no11
o0l
0013
0014
0015
0016
0017
cole
0019
0020

0021
0022
0023
0024
0025
0026
0027
0023
0029
0030
0031
0032

0001}

0002
0003
0004
0005
0006
Q007
0008
0009
0010
0011

0012
0013
0014

0015
0016
0017
0018
0019
0020
0021
0022
0023
Q024
0025
0026
0027
0028
0029
0030
0031
0032
0033

0034
0035
0036
00237
0038

0039

iv 6 LEVEL 21 mALN DATE = 77140 11/56/5¢
C
C ELEVEN DDF MUDEL OF Wil0 TOM STREETER JAN 1977
C
C
C THE ALK PROGRAM ESSENTIALLY READS AND WRITES OATA. CONSTANTS
C ARE INITIALIZEC IN DERIV AND SUBROUTINE KUTTA INTEGRATES THE
C CEFFERENTTAL EQUATIONS.
C

faXaXal

ARAAn

e Xa¥aXa)

faXaXel

CUMMON /OATAL/TIME ;TIMEH,TIMEHZ (TINEHS

CUMMION /CERIVLI/Q{11),Q0D411),Q0D(R1}

CUMMON /KUTT2371EPTS, IRPTS,1GPTS

CONMJN /XRSAD1/BRCHX105),BRCAY(105),RODX(105),RODY{105),
1 GAMMAX({105),CAMMAY{105)

COMMON /NAMES/HOLRY

READ 1,IBPTS,(BRCHX(1),BREHY{I},181,18PTS)

READ 1, IRPTS,{ROCXUI ) RODY(T},1=]1,1RPTS)

KEAD 141GPTS, LGAMMAXL]) GANMAYLT) 410]1,1GPTS)
FORMAT{110/(68F10,00)

0D 15 121,I1GPTS

GAMMAX (]} eGAMKAK L] )*3,14159/180.

FINI=,.005

HOOR1w],

HOOR1=0.

TINEH2=TINEH/2,

TIMEHB»TIMEN/B .,

PRINT 2

FORMAT(6X,4HTINE/)

PRINT 3
3 FORMAT{OX(3NETA,LIN,IHY I1X KX 11X IHY I3, 1HE, 9K, 3HPNI,
1 9X,3HGAM, 9X,2HNU, 9X.&HTHET, 9X,3HPSE, 9X,3HTAU)

w

~

INITIALIZE CUNSTANTS IN SUBROUTINE DERIY
CALL DERIV

20 CALL KUTTA

PRINT 10,TINE

PRINT 10,(0(1),125,11)
PRINT 10,(Q0t1),1s1410)
PRINT 10,(QDD(I),101,11)

10 FORMAT{11F12.4)

PRINT 11

FORMAT(//)

IFITINE JLE. FINI} GD YO 20
sTop

END

=

SUBRDUTINE DERIY

THIS SUBROUTINF ENITIALIZES CONSTANTS AND DEFINES THE IMBEDOED
TERMS, 12(11, WHICH WERE REMOVED FROM THE PARTIAL DERIVITIVES. THESE
TERMS ARE USED IN DERI ANC ODER2.

COMMUN fDERIV1/QI11},00421),000(L1)

COMMON /DERIV2/A1,A2,A3,ASTAR, XKYL JXKY2

CUMMON /DERIV3/A1SUB(A2S5UB,A3SUB,XKKL ) XKK2,A10AR

COMMON /DERIVA/XLI222) o XM(2,2)4XR(2,2) XK (2,2}

COMMUN /DERIVS/t1,E2,E3,FF1,FF2,FF3,01,D2,03,XI1,ETALl,ZETAL
COMMUN /DERIV6/B1,B2,83,B1BAR,XI,ZETA

COMMON /DERIVT/PGL6,12,1243)

COMMUN /DERTVEB/XIBEBZETAB)XIR,ER,ZETAR,XIC,EC,2ETAC
CUMMON /CERIVO/BLFT ,COFY,RDFT,FOFG

CUMMON /NAMEL/PT(8,11,12,3),PWi(5,12,1243),PUt4,11412,4)
1 PD(3,11,12,44)

COMMON /NANET/DA(L,143:4),0P11e141,4)

COMMON /X21290/21(90)

COMMON /DERCON/ 61,62,63,01P,02P,D3P,C1P,(2P,L3P,ALPHAL,
1 ALPHAZ,ALPHA3 JHil yHH2 yHHI

CUMMON /TRIG/C6,564C7,57,(8,58,(9,59,010,510,C11,511
ASTAR=ASTAR®3,14159/180,

G1=0.

G2#-125.1 ~ 54.1931*5IN{ASTAR)

63==7.15 ~ 54.1931*COS{ASTAR)

DIPs39.5

D2P*54.19319SIN(ASTAR)} ~ 54.0327¢SIK{ASTAR ¢ 0.2626)
D3P254,1931°COS{ASTAR) - 54.0327°COS{ASTAR + 0.2626)
C1P=D1P

C2P=p2P

C3PaD3P

ALPHA1=39.5

ALPHA2#-125.1 - 54.0327°SIN(ASTAR « 0.2626)

ALPHA3«®-7.15 - 54,0327°COSIASTAR + 0.2626)

HH1wO.

HH22564.19319STN(ASTAR) - 2.054.0327/3.3SIN{ASTAR + 0.26206])
HH3256 . 19310COS(ASTAR) - 2.954,0327/3.%C0S(aSTAR + 0.2626])
RETURN

ENTRY DERFUC

IERD ALL DERIVATIVE FUNCTIDNS W/R TD KIMETIC ENSROY
INGT INCLUDING THE ANGULAR TERMS)

00 1 1e1,8

00 1 J=1,11

00 1 K=l,12

CO 1 L=1,3
PTU1,J.K,L )0,

ZERQ KINSTIC ENERGY ANGULAR TERMS

DO 12 1%1,5
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0040
0041
0042
0043

0046
0045
0046

0067’

0048

0049
0650
0051
0052
0053

0054
0055
0056
0057
0050
0059
0080
0061
0062
0063
0066
0065
D0sé
0067
0068
006%
0070
0o
0072
0073
0076
0075
0076
0077
0078
0079
0080
00st
0082
0083
008s
00BS
00es
0087
0048
0083
0090
0091
9092
0093
0094
0095
0096
0097
0098
0099
0100
G101
0102
0103
0104
0125
0106
0107
0108
0109
0110
0111
0112
0113
0lle
0115
0lle
0117
0118
0119
0120
0121
0122
0123
0124
0125
0126
0127
0128
0129
0150

0121

9132

AnA

ArA

oy 12 Jd=1.l2
CO 12 Kel,yl2
uo 12 L=1,2

12 Putl,deKel o0

7¢R0 DERIVATIVE FUNCTIDNS W/R TD POTENTIAL ENERGY U2

05 4 1=1.4
0U & Jrl,ll
wu 6 K=l,12
00 & L=l,4
PULT oKL 10,

»

ZERD DERIVATIVE FUNCTIONS W/R TO DISSIPATIVE ENERCY

DG 5 I=1.3
ou S J=1,11
0O S K=l,12
00 5 L=l,é
PO(L.JsX4L =0,

w

ZERQ DERIVATIVE FUNCTIONS W/R TD GENERALIZED FORCES

00 & l=1,6

00 6 Jelgl2

D0 & K=1,12

00 6 L=1,3

PGLL,d.K L)=0,

CosCOSiQLEY)

S6=SIN{Q(6))

C7=C05¢QLT)

ST+SINLGIT))

CpsC05(0(8})

SeeSINIQ(O})

C9sCUSLOI9}}

S9sSINLGI9) )

C10=CO5(0(1014)

$10%SINCQITI0))

€11=C05(Q(11))

S13sSINCQIRL1})

11(1)=(8°59 + S8%(9°510
2I12)=-(8059 ~ 584(9¢510
2Z03)eC86C90510 - S80S9
TI1t6)s~(8oC9*S10 ¢ S3¢SH
7151308590510 + 58°C9
1116)2~(8959510 - 58%(9
LL(T)wCBeCY - S8°59¢510
I2(B)s-(B¢C(9 + SB*S9eSIO
22(91e(9e510056 + 596
12110)=-C9o510%56 - 59¢Co
2L11115(90510%C6 ~ 59456
1L412)5-(9¢510¢C6 ¢ 59°56
LL113)aC9056 ¢ 59#510°CH

12114 )e=(99056 - S9eS10»(e
IZt1512C9%C6 - 59¢5109S8
11(16)e-(9°(8 + 592510¢5¢6
2Z(17)1x-C11°(9*510 - Sl1leC9eClOeCe
22€18)=C110C9°S10 + 511#C9°CR0%(Ce
12{191=-(11#(92C10°C6 + 511292510
12620)2C31209°C1CoC6 - $11°(9*510
£2121)+0119CI0 -~ 5112510°C6
21122)%=C119010 + 5119510eCo
22€23):-011°510%C6 - S13*Cl0
12124613C11¢5100C6 + $11%C10
12125)=C11°C10%C6 - 513*510
12126)=-C11¢C10%C6 + S11eS10
121271«-{11%510 - S11°C10eCé
121281=C11eS10 + $11¢C10°Cé
212129)sC11592510 + $511°592C10%C6
IT(3N1x-(11959#510 ~ S11*55eC10Cs
21263115C112592C109C6 - 5S11%59+510
220321=-C11259°100(6 » Sil*S9es10
22033)5-C11°€90C10 + S11°C9+510°C6
111341=C11eC9°C10 ~ 5112C92530°C6
ZI(35)=C112C90510%C6 + S511°C9*C10
12(36)+-C11¢(925102C6 ~ $112C9*C10
22137)sC112595C1C - S11e599510°Ce
71¢38)x=C11%599C10 + 511¢590510°C6
22(39)1:-Cile59510%Ch - S11e59eClO
17140):(211°5925100C6 & $11°594C30
1I1161)%A25UB2C6 - B35UB*Sé
12(42)=a25UB%56 ¢ A3ISUBSCE
11(%3)s-063 » QI5) ¢ 12(&2)
12l6e)=-G2 ~ QU2} + Q&) ¢ 12(41)
1L1(45)==-D2P + I2(431258 + Ill44)eCB
I1(48)==D3P ¢ 22143)16(8 ~ I2{4&4)}*S8

o

Il1(47)=-D1P Gl ¢+ AlSus

1114B)-D2P 62 v A25UB

11(4931*-D3P + A3SUB - 63

121501 %22(6710%2 « IZ(451ee2 + Illab)oo2
1Z(5112212Z(4T71002 + L1{4B)eo2 + 21149)0e2
21(521=~22(5010%C.5 ¢ 1I(51)0%0.%
12153122152} ¢XKK1s2Z{50)¢2(~,5}
12154)=D1P & ALBAR -~ 61

11t55)=-62 - 02P + A25UB
212(56)=11(541292 ¢ 11(45)0e2 ¢ 12(Gb)002
12157)s21(561e%2 « I1(55)802 ¢ I2{49)ev¢
211(58)%-2215¢1990,5 ¢ I1(S7)*°0.5
IZI59)+XKK20Z2 (581222 (S600w(~.5)

2Li60)2-XN{1,1)
1 XM(1,19822013)
2 81*59°C10

I2(61):-XN11,2)
1 XN(1,2)°22815)
2 ¢ A20592510
12621 =~-XN12.:1)

+

.

A3 ¢ XN(1,1)2212015)

- XLt1,1)9259°(10

A29595510 + A3e(9 ¢ Q{4)*59°510 ¢ Q(5)°C9% -

A3 - XL{1,21°599C10 # XM(),2)+12(13) ¢+
Cl4)o590510 ¢ QIS)eCY - ALeS9%C10 ¢ A3eCY

A3 - XL{2s119594C10 + XNU2,1)¢22(13) ¢

F-4
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0133

0134

0135

0136
0137
o138
0139
0140
0141
0142
01«3
Olas
0165
0146
014?
0146
0149
0150
0351
0152
0153
0156
0155
0156
0157
0158
0159
0160
01861
0162
0143
0164

0001

0002
0003
0004
0008
0008
0007
0008
0009
0010
0011

0012
0013
0014

0015

0016
001?
0018
001%
0020
0021
o022
0023
0024
0025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035

0036
0037
0038
0039

0040
0041

I akats)

e XaYal

e T S K

1 XN(2,13°22415) & C(4)2599530 ¢ L{5)%C9 ~ ALeS9eC10 @ A3e(9 +
2 A2#59°510
I216312-aN12,2) - A3 & XMI2,2)°72013) ¢ XN(2,2)°22(15) ~
1 XL12,2)°59%C20 + C16)°592510 + QU51803 ~ A1*59eC20 ¢ A3e(9
2 A2+59°510
L2(64)2-ALPHA2 # G2 * Qi2) ¢ A2 + (82(-C2 ~ Ql2) - A2 »
1 ALPAA29CLIC + ALFhA39590510 - C9°S1C2tRLPHAL ~ Qi3)1) o
2 S85(~G3 - A3 & ALPHAI®(9 ¢ S$9e(alPni] - CU3))}
LL465)s=ALPHA2 + G2 ¢ QI2) + A2 + (8°(-C2 - Q(2) - A2 ¢
1 ALPHA20C1Y o ALFHA32590510 ~ (92510 *(-ALPHAL - Q(3))} »
2 S831-h3 - G3 ¢ BLEHA3O(9 ¢ SIs{=-ALPHAL ~ T(31))
I2l66)2~62 - CI2) ¢ C(&) 4 B2°C6 - B3eSe
ITtoT1=-G63 + Qi5) + B2ese + B3Is(e
12(69)=~(1P + BY - Gl
IUL691=-C2P « 121671958 ¢ 11{66)(8
I2UT0)=-C3P » JZ16719C8 - 1211661258
II(T1)=(22170)0992 o I1(681°°2 ¢ I1(69}1s+2)00(~,.5)20.5
L2{72)%-82%56 - E3*Co
12473¥sB29C6 ~ B3®SH
TIWT&I=(224T01002 « 22(69)1%%2 o (BLARR + (1P - Gl)es2)ee(-,5}90,.5
I2075)w=62 - QU2) + Cl4) - AISUB®SE * A25uB*Ce
ZI176)1x=-G3 ¢ Qi5) ¢ AISUB®CE * A25UB*Se
LIUIT7)1a-02P ¢ 12{76)958 ¢ ZI1LT5)*C8
ILUT8)=-D3P + 17(T610(8 ~ I2175)e358
I1(79)s~A35UB*SE + A25UB*(6
180 =-83SUBoCE -~ A2S5UBeSE
120(B1)={22(T77)%e2 + TZ1781%22 ¢ (D1P » AIBAR - Gl)ee2)ee(-,.5)e0.5
2it82)s (221771902 & 11(78)°22 & (AISUS - DIP - Glles2jes(-.5)e0.§
12483)1=A2+590510 + A3eC9 « Q{4)e59%51% + Ci5)oC9 ~ A1*59eC10
22484)2-220C905)( ¢ A3*SO — QUAI*CT*510 ¢ QiS)eS59 ¢ AleCo+C)0
12085 =22112)5C11 ~ (92C10*511
221861 =~(92C10°C112C6 ¢ C9e510°51])
LI(87)+C10°C11eCe - S510#51)
221881 =-C10%5112(6-530+CL1
22(89)x59*C102C11°oC6 - 599510511
224901 s11113)C1]1 + 59°C10*S11
CALL DER]
CALL DER2
RETURN
END

SUBROUTINE DERY 4

THIS SUBROUTINE (EFINES THE PARTIAL C:RIVATIVES PERTAINING YO THE
TRANSLATIONAL PAKT OF THE KINETIC ENERGY,

CUMMON /DERIVI/Q(111,00(11),000111%

CONMON /OERIV2/AL A2 A3, ASTARXKY] ARY2

CUMMUN /DERIV3I/ALISUB,A25UB,A35U8  NK&l,XKK2, AL BAR

CTMMION /OERIVA/XLEZ242) ¢ AMI242),X002.20,0K(2,2)

CLMMON /DEREVS/EL,E2,E3,FF1FF2,FF3,214024039X11,ETAL,ZETAY
COMMIN /UEREVB/81,82,B3,B1BAR,XI 22TA

CUMMON /DERIVTI/POLL6.12,12,3)

COMMON /OERIVB/XIB,EB,ZETAB XIRERIEFARXIC,EC,ZETAC
CUMMON /UERIVY/BLFY,CUFT,ROFT,FUFG

COMMON /NAMEL/ZPTI18,11,1243),PHIS5,08412430,PU14,11,1244)

1 4PDE3,11,12.4)

CUMMON /NAMET/DA()1+141,4),0P (2,141,640

COMMON /X2290/22190) .

CONMMUN /DERCUN/ Gl,62,63,01P,52P,23P,C1P,C2P,C3P ALPHAL,
1 ALPHAZ (ALPHA3 JHh] jHH2 JHH3

COMMON /TRIG/CE,564CT457+C8,58,(9,59,{10,510,C11,511

QERIVAYIVE FUNCTICNS W/R TU K.E. {NCT INCLUDING ANGULAR TERMS)

PTE 1, 3,12,
PIL 1, 9,12,
PTL 1,10,12,
PTE 1,10.12,
PT( 1,10.12,

420598510 + A3°(9-213(10¢59
~420(100(9-A12(9*510
-A29510 ¢+ Al=(10

-A29510 + Al°(10

PTL 14 9,12, A2°C9*510-23259-212C10%(9 ‘
PTL 1,10,12, A29C10°59 + AL®59°510
PTL 24 4412, -C9510
PTL 2, 5,12, 59
PTL 2, 9,12, Q(4)°59e510 « JU1513C9
PT{ 2,10,12, -Ql4)=C102C9
10
PTL 2,10,12, ~Q(4)1*510
PTL 2, 4,12, $92510
PIL 2, 5,12, (4]

PYL 2. 9,12,
PT( 2,10,12,
PTIL 3, 2,12,
PYL 3, 8,12,
PTL 3, 9,12,
110259 + 59251
PT{ 3,104,142, 1 ~HH10(99S10-+H2=C135C80CT + HH3I-C(10¢3582(9-Cle(9e
1510-C102C¢92(62 + C{2})

PTL 3, 2,12, 2) = (10

PT{ 3, 8,12, 2) = -HH27(1D0958-FH13(123(8

PT{ 3,10,12; 2) FHIOCID-HH2+C825:2 + FH30589510 + 610C10-5100(62
1 ¢+ Q21

PTC 3, 2,12, 3) = 598510

PYL 3, 8,12, 3) = HH2oIZ{7) ¢ kn3sills)

Q{4)°C90S10-G(5} 259
Q{4}°C10°59

~C99510

HH2®22(1) + Wn3IsIZLl)

1
1
1
2
2
3
3
1
1
H
1

PTL 2, 4,12, 2
2
3
3
3
3
1
1
1 -HH16C10%S9 & =H2322(5) ¢ HH3IOZZ(T) + G3o(9-Clel
0




00462
00«3

0046
0045
0048
0067
0048
0049
0050
0051
0052
0053
0054
3]
00%6
0057
0058
0059
0060
0061}
0062
0063

0069
0070
0071
00672

60173
0074

007s
0076
Q077
co7e

0079
0080
008l
0082
0083
0084

008s

00&6

0087
0098
0089
06090
0091
0092
0093
0094
0095
0036
0097
0098
0099
0100
0101
0102
0103
0104
0105
0106
0107
0108
0109
0110
o111
0112

0113
0116

0115
0116
0117
0118
0119

0120
o121

022
0123
0124

0125
0126

0127
o128

0129
0130
0131

BT 3, 9,12, 3}

* ~HH1®Cl0®CS & HH2ZZ(3) ¢ HH38QZ{2)-G3259-61%(}0

109 + (9°510°(062 ¢ @(2))

PTL 3,100,124 3)

s HH1®589510 + HH2*(109C8*59-HH3I#(10259058 » Glo59

14510 ¢ (10°89¢(G2 + Ct21)
PTY

1y 9 9y 1}

PTL 14 9,10, )
PT{ 1,10,10, 1
PT( 1,10,20, 2
PTL 1, 9+ 9, 3
PT{ 1, 9,10, 3
PTL 1,10,10, 3
PFL 2, &y 92 1
PYL 2, 4,10, 1
PTL 2, 5, 9, 1
PTL 2, 9, 9, 1
PTL 2, 9410, 1
PT{ 2,10,10, 1
PTL 2, 4,10, 2
PTL 2,10,10, 2
PTL 2, &y 9, 3
PTL 2, 4,10, 3
PTL 2, 5, 9¢ 3)
PTL 2, 5, 9, 3)
PIL 24 9, 9, 3)
PYL 2, 9,10, 3
PTL 2, 9,10, 3
PT( 2,10,10, 3
PY( 3, 2, 9, 1
1

1

1

1

PY( 3, 2,10,
PYC 3, &8, 8,
PTL 3, 8, 9,
PT( 3, 8,10,
PTL 3, 9y 94 1)

* A29(92510-A3%59-A1%C10°(Y
A29C10%59 ¢ AleS9e510
A22°(9°510-A%e(10%CY
-A2%010-A1+510
-A20599510-43%(9 + Alo(j0eS9
A29C100C9 + A1e(C9+510
-42059°S10 ¢ AleCl0o%9
59510

~(10+(9

e

Cla)e(90510-015)*59
Cie1eCl0°59

Qi4)2(992510

-510

-Qt&1*C120

(92530

(1059

-39

-5

~01612599510-0151(9
Qi4reC10°Co

[JERRJeY: 104 )

~Q(4)*59°510

59*510

-C102C9

HH20Z2(3) ¢ WMH3eZZ(2)
HH292Z(7) + HHI®IZ(6}

HH2#( 1025829 ¢ HH3I*C10eCBe(S
~MF1°C30°09 + HH22Z1(3} ¢ HHI®LZ{2}-63%59-C1+(10

P R E L I A A B AN

1e(9 + (905100062 + QI2))

PTL 3, 9410, 1) = HHI®590510 + HH2®C109CE9S9-HHI*C10*59058 ¢ GlosSy
1510 + C10°59%162 * @t2)) *

[]

T 3,10,10, 1)

= ~HH)OC10%CS ¢ RH24C8*(9¢S10-HHI*58¢(92510-G12C10

19C9 + (9°510°(62 + Q(2})

PT{ 3, 2,10, )
PTL 3, 3, 8, 2}
PTL 3, 8,10, 2}
PTL 3,210,410, 2}
1+ Q(2))
PT( 3, 2, 9, 3)
PY({ 3, 2,10, 3}
PI{ 3, 8, 8, 3)
PTCL 3, 8, 9, 3]
PTL 3, 8,10, 3)
PTL 3, 9y 9, 3
10#59-59+5109(62
PTL 3, 9410, 3)

= -5)0

e -HH2*(10¢(8 ¢ HH3*(L0eS8

= HH2938%510 ¢ HH3*(8e510

s ~HF1¢S10-HH2#C100C8 ¢ HH3e(10058-G12530-C10*(62
3 (99510

= C10e59

= HH2OI216) + HH3®ZZ(8)

s HH2PZ2{2) ¢ NH3®11(4&)

* ~HH20(1005905B-HHI*(100(8259

" FH1®(10959 ¢ HH2#ZZ(&) ¢ HHICZ2(B)-C3*(Y + Gie*C)
+ Ci21)

* MHEOC90S10 o HH2OC10WCHeCO~HINICC10e580Co ¢ C1oC(Y

12510 ¢ (10°09%(G2 + Qi2))}

PT{ 3,10,10, 3}

0e59~590510%{G2
PT( 4, 6,12, 1)
PTL &y 9412,
PT{ 4,10,12,
PTL &, 6,12,
PTI 4,10,12,
PTL 4, 6412,
PTL 4y 9412,
PTL 4,10,12,
PT{ 4y 64 by
PTL 4y 64 9,
PY( &, 6,10,
PIL &y 6,10,
PTL &y 9y 9,
PT( 4, 9,10,
PTL 4,10,10,
PTL 4, 6, &,
PT( &, 6,10,
PTI 4,10,10,
PTL &) 6+ &,
PTU &4, 6, 9, 3)
PTL 4, 6,10, 3}
PT( 44 94 9, 3)
PTL 4, 9,410, 31}
PT{ 4,10,10, 3}
PTL 5S¢ 6,124 1)
PTL 5, 9,12, 1}
10(~C112C10259 +
PTL §5,10412, 1)
PT( 5,411,124 1)
131C10°C9)
PTL 5, 6512, 2
PTL 5,10,12, 2
PTL 5,114124 2
3
3

1

[ P O O U URWHWETE W

PTL 5, 6,12,
PTL S5, 9,12,
19{=C112C102(9 +
PT{ 5,10,12, 3}
PT{ S,11.12, 31}
15112C10259)

PTL 5, 6, 6, 1)
PTL S5, 6, 9y 1)
PT{ 5, 6,10, 1)
156eC9

PTL 5, 6,11, 1)
PTL 5, 9, 9, 1)
10{-C112C10°(9 «
PTL 5, 9,10, 1)
PTL Sy 9,11, 1)
15119C10%59)

PTL 5,10.10, 1)
PTt 5,10.11, 1)
PT( 5,111, 1)

& HHLIOCI0459-HH22( 8590510 + HHI*5Pe58°510 + £19()

2

E202219) + E3e2lill)

€2072113) + E3CLI{15)-E1+C10259
~E29C10°C62(9 * E3*C10°56¢C9-E10(9°510
~E29C10%56-E3°C10°%C6

~E22C6°S510 + E3°56%510 + E1+Ci0

E2+11(15) + E3e¢17(14)

E202Z411) + E3°I2(10)1-E1°C10(9
€200100C4459-E39C10256%59 + E19594510
€2°22111) + EI2712{10}

E2e27115) + E3e2I{1&)

E20C10%560C% ¢ E3°C10+C6%(9

£24C10256%C9 ¢ E3%(10%L6*(9

E247I(11) + EISZL(10)-E1CIO*(Y
E2°C10°C6*59-E32C10056%59 + E1°592510
E2°(60°C9°5S10-€3256°C9%510~-E1+C10*(9
~£2¢C10%C6 + E3*()0°5¢%

E2#562510 ¢ E3%(62510

~£2¢{10°C6 + E3*C10°56-E1*510

€2077(14) ¢ E3%22(16)

E2¢22410) + E3*21012)
~£2*C10#56¢59-E3+C10%(6°59

E£2072(14) & E3%I7(16} + E1*C10*59
£20C10°C6%C9-E30C10056°C9 ¢ E12(92510
-E29C 6592510 + £32562599510 + E1*(10°59
FF2oC11922{9) + FF3522(11) + FF1+511812(9)
FF2e(C11°Z2013) + S11°C10%59) ¢ FFI*IZ(15) ¢ FF1
511222013

= FF2oI7019) ¢ FF3°C10+56%C9 + FF1elZ(17)

« FFOI~C112C10°C9-S119Z2{12)) ¢ FF1e{C11°22012)~$

P N A R Y

~FF20C11°(10%56-FF32C10=C6-FF1°5110C10%56
FF2527(23) + FF3+56°510 + FFlel2(21)

FF2427127) ¢ FFloll{25})

FF20C11%22(15) ¢ FF3*22{14} + FF1°511°22(15})
FFO(CL1+Z2(1L) + 5110C109C9) + FF3022(10) + FF]
11e22411))

FF2I7(31)}~FF30C10e56959 « FF1*22(29)
FF2¢(C11°C10°59-511¢Z2¢130)) ¢ FFLIo(L11222(13) ¢

LR A A

FF2eCL1%ZZ¢11) + FF3°22(10) ¢ FFleS)lell{11)
FF28C110Z7115) + FF3°22{14) + FF1eS1177{15)}
FF2e(112010°569C9 ¢ FF3°Cl0°C62(9 ¢ FF1®S11¢C10*

s ~FF22811<22(9) ¢ FF12(11°12(9%])

s FF2e((11°224131) + S119(100C9) + FF3072(10) + FFI
sprezzi1d)

= FF2e21(31)-FF3¢C10%56%59 + FFI*11(29)
FF2%(C11%C10°59-S11°22113)}) ¢ FFleiCl1o22(13) +

FF2e12135)-FF3569(9°510 + FF1211(33)
FF2e2Z2(18) + FF1e2Z(19)
FFa8(~CI1o2Z(12) + 511*C10%C9) + FFlo(-C11°Cl0*C

"



0132
0133
13«
0135
01136
0137
0138
0139
0140

0141
0362

0143
Clos

0145
Qlet
0147

0148
0149

0150
0151
0152
0153
0154
0155
0156

0157
o158

0159
0160
0lsl

0le62
0leld

0164
0185
0lob
0167
0168
ol69
0170
0171
o172
c173
0174
0175
0176
0177
0170
0179

0180
013l

o182
0183
0184
0185
0186

0187

0188
0189
a1%0
0191
0192

0193
0194

0195

0196

0197
n198
019%
0200
0201

0202

19-S11022(121)

PTL S, &, &, 2
PTE Sy 6,10, 2
PTC Sy 6,411, 2
PT1 5,10,10, 2
PTL 5,10,11, 23
PTL Sylla11, 23
PTL 5, 6, 6, 3)
PTU 5, 64 9, 3)
PTL 5, 6,10, 3)
159

PYC S, 6,11, 31 » ~FF2°S11°22115) + FFI1sCI11e12(15)

PTI 5, 9, 9, 3) = FFZeLC11°22(141-5119C10259) « FF3eII(16) & FF1%(
1C110C10059 » SI1eZIM14))

ETC S, 9,10, 31 = FF2e22(201-FF39C10%S6%C9 + FFLe22(18) .

PTC 5, 9,11, 3) » FF2e{C11oC109C-511%22011)) » FFLe(CINoZ2(1d)
15112C10°C9)

PTL S,10,10, 3] » FF2eI11(39) + FF3°560592510 + FF1s11(37)

PYU 5,10,11, 31 = FF2022(30) + FFIel1131)

PTU Sy11,11, 30 = FF2o(=CII*I20131-5116Ci059) ¢ FF1o(C110C10059-5
111221131 .

PYU 6y 6412, 1) « C3922(11) ¢ 01511812491 ¢ D29C1122119)

PTC 6, 9,12, 1) = D39ZZ{15) + DI*(~C11#C10%S9 + S11s2Z{13)) + D2e(
1CH1°22013) + S119C10959)
1}
1

-FF26C110°0109C6 ¢ FFIo102S6-FF1eS11eC10*Cs
FF29C11056°510 ¢ FF3e(62510 ¢ FF1*511%569510
FF2#5119C10*So-FF12(112C10%S8

FF2oL2126) + FFIeCICoS6 o FFIoll427)

FF2e22(22) » FFlelli23)

FF2e22(261 « FFLlel2(27)

FFE29C110Z2416) o FFI211(16) « FF1o51102L(14)
FFZeC11eI2130) o FF3022012) « FF1eS11e22(10)
~FF20(11°C1Co56°59~FF3+(10PC6vS9-FF105119C10%36

PTL 6.,10,12, « D3*C100569CF ¢ 0O1+2Z117) + 02°11(19)

PT( 6411412, D1o¢C13022(22)~511¢C10°C9) » D2o(~C11®C10Co-51)
1e2Z(121}

PT{ &, 6,12, 2)
PTL 6,10,12, 2)
PTL 6,111,112, 2)

~D3eC100C6-D1*511°C10956-02°C11+C10%S4
D3eS69510 + DI®Z7(21) ¢ D2*11(23)

01217425) + D2011(27}

PTC 64 64124 3) D3eZ2(14) # DIeS1122(15) ¢ D2*C11°27(15)

PTL &, 9,124 3) C3°Z2€10) ¢ DIo(-C31oCI02CY + S11°2Z{11)) » D2°¢y
10130224110 & 511#C10%C9)

PTU 6,10,12, 3} = -D3°C10%56959 + D1+71129) ¢ D2°12(31)

PTL 6,31412, 3} s DIS{CIISZ2E13) o+ S11°C10®59) & D2+(C1I*C10*59~81
11+22¢13H
[2]

. euw

{ 6, by 6, }) = D3°22(10) ¢ DI®S1I®2L{1}) + D2°C11¢2Z{11)
PIL 6, 6, 9, 1} » D3#22(14) ¢ D1eS11°IL{15) + C2°C11e22115)
PY{ by 6,10, }) » £36CI0°C6eC9 + DI*S11°C10*56°C9 + D2°C11°C10¢S6®
19
PT{ 6, 6,11, 1) = DI®CLl102Z(9}-D2eS11022(9)
PT( 6, 9, 9, 1) » D322Z21101 # D1o(=C110C10¢CT o 511°ZZ(11}) + D2¢
1CH12Z2111) + 5112C100C9)
PTL 6, 9,10, 1} = =D32L10%56%59 + DI°21{29) + D2*11(31)
PT( 6y 9411, 11 » D10(CHI®ZZAL3) + S119C10#59) ¢ D2#(C119C1059-3)

119224134}
PT{ 6,104,106, 1)
PTL 6,410,112, 1)
PTL 6411,11, 1)

1511e010%C9)
PTL 6, &y &,y
PTL 6, 6,10,
PT( 6, 6411,

-

-D3e56*(9*810 ¢ DI®IZ(33) ¢ D2022(35)
€1027(19) « D2021(16)
DIo(-Cl1oCINoC9=-512022412)} + D29(-C11s12(12) ¢

D30(10°56-912511¢C10(6-02=C11*C10%(6
D3°C6%S10 & D1°5110569510 & D2oCi19569510
-D1#C11C10°56 + D295119C10*Ss

[NENEN
.

PY( 6,10,10, 2} « D3°(10°56 + DI°2Z127) + D2e2l(26}

PTU 6,100,001, 2} = C1e22(23) + 02422422}

PTC 6,411,011, 2} = DI®Z2427) + D2021126)

PTC 6, &y by 3} = D30Z2(1¢) » DIoSIIeIXE1a) & D2eClleZZide)

PTL 6¢ 6y 9y 3} = DIOIIL12) % DISII®ZZ{10) » £2°C13922110)

PTC 6y 6,10y 3) = -D30C10¢(6°59-D1°5112(10°56°59~02°C112C10256259
.

PTL 6, 6411, 3} GleC1122Z115)-D2e511¢22(151}

PTEU &6, 9, 9, 3) = D36ZZ(16) + D1°{C11%C10%59 ¢ S11%2Z(14)) ¢ D2e(C
111222(143-511°C1C%59])

PT{ 6, 9,10, 3} = -D30(10®562(9 + C1°72(18) + D2*712{20)

PTL 6, 9,11, 3} = D120(C11e2Z41L} + S112C10%C9) + D2°{C119C108(9-51
11220110

PT( 6,10,10, 3) = 032569590510 & C1322{37) ¢ D2222(39)

PT1 6,10+11, 3) = DI1®72{31) » D2°Z1(30)

PT{ 6¢11411y 3) = DI24CI1°CI0e859-5112221(13)) ¢ D2=(-C11022413)-511
19010959}

PTL 7, 6412, 1) = XI12SI122Z(9) + ETALO(CToC110L2(9) ¢ STo22(11))
1+ ZEVALO(CTO2Z{11)-572C11%22191)

PYE 7y 7,12, 1) = ETAR20CI222(9)-ST7>(CI12Z2(12)-5112C10°C9)) + ZET
TA120=C700C11°220120-511°C10°C9)-572221(9})

PTL 7y 9412, 1) = X116{-C11°C10%53 ¢ SI11=2Z(13}1) + ETAL®(CT*{C1Iw2
12013) + S110C1C259) + STeIZ(15)) + Z3TAYe(CT7*22415)-ST70(CL1o22(13)
1 ¢+ S11°(10°59)}

PTL 7,104,122, 1) = X118ZZ(17} ¢ ETAL>(C?522(19) » S$7+C1G056eC9) ¢ I
YETAL=(CT2C100562(9-57¢22(19)]

PT{ 7411512, 1) = X11e{C11°22112)~5211C10%C9) + ETALoCT2(~C)11%C10»
1C9=-511°22002))-2ETAYeS22( =011 2C15229-S11922012))

PT{ 7y 6,12, 2} = -X11°511°010986 ¢ ZTA10{=C72C11°C10456-572C10%Ch
1) + ZEVA1o(-C72C10°C6 ¢ 5720112C1G=S6)

PYL 7y 7412, 2) = ETALS(-C72C10256-57-02125)) ¢ 2ETAL&(~Ce2L(25})
1¢ 575C10°56)

PTC 7,010,112, 2) = XI1%2Z2(21} ¢ ETA) ((7¢2Z(23) ¢ S$7956¢510) + 2ETA
1192(C72562510-572221231)

PTC T411,12, 2) » XIYOZZU25) » EFR1-C7502(27)-2€Tako57o22(2N)

PT{ 7, 6512y 3) = XI12S11522415) ¢ :721e(C75C11~I2{15) ¢ SIsl2{14)
1) ¢ ZETAL®(C7°22114)-572C11222115) i
PTE 7y 7412, 3) = ETALO(CTO22015)=S72(C11o22013) & SI4°C10053)) o
TZETAL=1-CT77(C11222113) ¢ $11°C10°891-$7+22¢(151)

PTC 7y 9412, 33 = X110(-C119C102C3 ¢ 51127201110 » EYA)>{CTe{Cl)e]
LZE11) ¢ 5112C10909)  ST22Z03CH) ¢ Z:TAL=20CT222¢1C)-5221(11022¢11)
1 + 5112C102C9}}

PTC 7,104,132, 3} = x{1°22(29) % ETAL-1I732743))-57:CiN=56959) ¢ ZET
1A10(-CT7+C10*S6°54-57022(31))

PTU 7,10¢12¢ 3) = XIDO(C1F:22€¢13) ¢ S11¢C10°59) + ETAL2C704CI1oC10
1859-511°72(23))-Z€TA105T721C11°2C10289-511222{13))

PT{ 7, 6, 64 1) = XI10S119ZZ(11} # STA1e{C20C12°22(21) » 57+22110)
1) ¢ ZETAL2(C7°22¢10)-572L11e22(111}

PIC Ty 64 Ty 1} =« ETAI2(CTAZZU11)-S72CLI%22(9)} » ZEVAL®(~CToClLo2
12{91-57+21(11))

PTU 7, &y 9, 1) = XI10SIE®220Q5) & £V210(CT2C11222015) + STell(14})
1) ¢ ZIETAIOtC7022()16)-572C11°22115})
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1C10°C6°(9) + JETALS(CToC1Ce(6°CI-577Cl1eC10DOS62C9}
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1rie)

BIG 1y 7y 7y 1) = ETALO(=CT2(C12°22(12)-511201CC9)-5ST721219)) « lE
PTALed={ 7 22{9) & 57=(CL1222¢12)~-511¢C10e{9})

PTC 74 7y 9, 10 = ETALO(CT002115)-57¢1C11o22113) + 511°C109259)} «
JZETAL®{=C-4C11202(13} ¢ $112(10%59)~-37221151)

PTC 74 7410, 1) = FTAIS{CT70C10056%(9~57212(19)} » ZJETAL®{-CT*12(19
11-572010°56(9)

PTL 74 T4ll, 1) = -ETA}eSTo({-C110C100C9-311*22(12}1)-2ETALeCTo{-C1]
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PT{ 7,11401, 1) » XIE9(=C110CIOSCO-511%22012)) ¢ ETALeC7o(-CllO2Y!
1121 ¢ S1U*C10°C9)~TETALOSTe(=Clio2(12) » S11°C10°(C9)

PTl 7, 64 &, 2) = -X[1¢5150C10%C6 +» ETALo(-CToC110C10¢Co ¢ 5TC10¢
156) + LETAI®{CT*C10°56 + S72(11(10¢Ch)

PTU 7, &+ 74 2) = ETAL®(=CT70C108(E ¢ $T7¢C11#C10°56) + ZETAL®ICT(C1
11%C10#56 + $72(10°(C6)

PTU 7, 6,10, 2) = X]11#511¢56%510 ¢ ETAI®{C7vC1195651C + $T*(4*$10
1) 4 LEYALO(CT9C6*510-57°C11%56+510)

PT{ 7. 6,11, 2) = -X11eC11%C10%S6 + ETA)®(705110(10¢S6~1ETAL®5Te 5]
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PTL 7, 7, 7, 20
1 ¢ 57222125))

PT{ 7, 7,10, 2) = ETAL1>((7256°510-ST*Z2(23)) + LETAI®{-CTo11(23)-5
174560510}

PTL 7, 7,11, 2} » ~ETAL*SToZ2i27)-2ETALCT*22(27)

PTC 7,10,10, 2) = XI1922{27) + ETAL#({C79Z2126) ¢ ST*()0e56) ¢ lEVA
110(C72C10056~57¢22({26))

PT( 7,100,311, 2} = X[1022(23) » ETALoCT922122)-2ETALeST I2(22)

PTO 7,100,030, 20 = XT10Z2(27) ¢ ETAICCT921(26)-1ETAL®STe22(26)

PTL Th10311, 2) = XI1022(27) + ETALSCTI2(26}-1ETALOSTOL2(26)

PTU 7, 6, 6, 3) » X118511€2Z(14} ¢ ETALO(CToCLIoI2{14} +» $ST022(16)
1} + ZETAL®{CTo2(16)-57eCL1o2L{14))

PTU 74 by Ty 3) 5 ETAIS(CT®ZZU1GI-5TCI1O22{15)) o ZETAL®(-CToC1]e
1224151=57e21114))

PTL 7. by 9y 3) » XI10511022(10) & ETAL®(CTOCLI®IZ(10) ¢ $S7¢12012)
1) ZETAL®{CT7*I2(12)1-57°C11022110}])

PTC 7, 6,10, 3) » -Xi12511%C20*56%59 ¢ ETAL#(~CT*CL19C10258059-57
1C109C659) + ZETAL®(~C7+(109C6259 + S7e(1)e(10°56°59)
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1072115}
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TZETAL®{=~CTo(CI1o22(11) » 311°CI0°C9)-3T7%22(10)}
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110*$9-511°22(13})
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1{14)-5117C10059) + ST®I1(16)) + ZETALe((T7°7Zi16)~570({11*22{14)~5]
112C10959))

PTU 74 9,10, 3) = XE1222118) + ETVA)=(CT7¢12(203-572Ci0%562(9} + 2ET
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PT{ By 6512, 1) = X19511022(9) + JU1)®(CT70L1L2I2(9) ¢ $ST022{I1)) o
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Tao(=(70(C11022(12)~5112C1C%(C9)=-57°7219))
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1 S11eClu=s9))

PTL B8410,02y 1) & XI2220171 & QU11oiC7%22019) ¢ $70010#56%(9) + QE
1TA9(C70C10*565(9-57°22(19)}

PTL 8,10412, 1) = XJo{CI1927(121=511°C10%CT) o QUI)*CTo(=C11*C10eC
19-511722(12))-2€TAeSTe(~C11e(10°C9-511%22{12))

PY({ B,y 1y12, 2} * CT7022(25)-572C10°5¢

PTL By 6412, 2) = =XI%5110010°56 + Q{1)®(~LT7°(11*C10*56-572C10Cs)
1 ¢+ ZFTAe(=C7o(]10°C6 4 S7°(110C1056}

FIL 8, 7,12, 21 = CHYI9(=CT72C10056-57222125)) + ZETA®(=CTeL2(25) «
1 57¢C10856)

PT{ 8,510,124 2) = X1222(21) + QUII*(CToIL(23) + 57¢56+510) » ZETAe
1(C7e56%510-57072(23))

PTL 8,11412, 2) = XI°2Z(25) + Q(1)=C7°271(27)~ZETA®STOIL(2T)

PTL 8y 14124 3) = {72{C11227¢13) + 5112(10°59) ¢ 57%21{15)
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1 ¢ LETVA®(CT2l214)-572011922(151))

PT( 8, 7,12, 3) = GL1)O{CT2ZZ{15)=5T¢{CL1oL2(13) ¢ S11¢Cl0®59))} o
LZETAS(-CTe{CL1oL2{13) + 5110C10°59)-57+22(15})

PT{ 8, 9402, 3) = X1®{-C11oCi0°C9 « S11eZ2(11)} ¢ QU1)ei(P*{(2)*2
1411} + S11eClO®CY} + ST02Z(10)) + ZETA®(CT9ZII(I0)~S7*(CL1e2211) ¢
1 511°C102C9)}

PT{ 8,105,124 3) = XISZZ(29) » QU1I*(C7*22(31)-57%C10*5659) ¢ JETA
10(~C72(10#56259-57972(31))

PT{ 8,11,12, 3} = X19(C1I*ZZ{13} ¢ S114C10%59) » Q{1)*CT*{Cl1eC10"
159-S11°2Z133))-2ETA®STo(C112C10059-511¢72(13))

PY( 8y 1y 6 1) & CTOCLLIOIZ{9) ¢ $STOLL(1))

PTL 8y 1o Ty 1) = CIZLi9)=-57*1C11022(12)-511*Ci0%(3}

PTL 8y 1y 9y 1) » CTO{CI1*ZZ(13) + S11°C10%89) ¢ STe22{1%)

PT( 8, 1410, 1) = CTOZL(19) & STeCl0®58¢(9

EYA1*(~(TOL2125) * STOC10%56) ¢ LEVAI®({T7(10°S6
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BT( dy by by 1) = XI®S11022(10) & Qil)e(CToClI*22(11) » STo27C20H)
Y e Z:Tae(CTeZ2410)-STeCE1O2ZUL1D)

BIU B, 6y Ty 11 = QULIDO(CToZ2E211-5T20001222(9)) ¢ ZETAS(~CTeCI1*22
1(3)=537222¢111)

PTL 2, 6, 9, 1) = X1°511°22(15) # QI130(C72C1122¢15) » STell(14))
1 s ZETAS(CT922416)-8T2C11°12018))

PIL B, 6,10, 1) = X10511201G°56C9 ¢ Cl1101CTeC11oC10056%(9 ¢ SToC
1100¢68(9} ¢ JETACICT®C10°(6°C9-579C11#C1CO56%(9) -

PTL 8, 6,411, 1) = X19C11022(91-ClE)sCT051102219) « ZETA*STeS3)0LLL
193
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1.1 SUBRUUTINE DiER2

«
4 THIS SUBROUTINE CEFINES THE PARTIAL DERIVATIVES PERTAINING VD ThE
¢ ANGULAR VELUCITIES, PCTENTIAL ENERGY, DISSIPATIVE ENERCY, AND
¢ GENERALIZED FURCES.
¢
COMMON /DERIVIZO(11),CD1111,000(11}
C_MMIN /UERIV2/A1,82,43,A5TAR,XKRY] XKY2Z
CHMMUN ZUERTV3IZA1SUB,A25UB,A35U8, XKK] XKKZ AL BAR
CIMMIN ZCERIVG/XLE242),XM(2,2) (XRE2421,XK12420
CUMMON /UERIVS/E1.6€2,E3,FFL,FF2,FF3,01,02,03,XI1,ETAL,ZETAL
COMMON /72ER1VE/B1 482,83 ,BIBAR,XI,ZETA
CUMMON /DERIVI/ZPL{6,12412.3)
COMMON 7UERIVE/X1E 6B ZETAB, XIR,ER ZETAK XIC, ECLZETAC
CUMKIN /LERIVS/BLFT,CCFT,ROFT,FOFG
COMMUN /NAKE1/PT(B,11,12,31,Pw(5,12,12,3),PUl&,11412,6)
1 ,P013,11,12,4)
1112 COMMON ZNAMET/LACL 1,146)40P 81010104}
tI13 COMMON /XZ29L/111901
Tk CUMMUN FLERCON/ G1,62,63,D1P,D2P D3P, C1P,C2P (3P, ALPHAL,
1 ALPHA2 ALPHAI ,HH] ,HN2,HH3
o118 CUMMIN /TRIG/C6,56,CT,57,C8,58,C9,59,C104510,C11,511
4
4 DERIVATIVE FUNCTIONS W/R TO K.E. {ANGULAR TERNS ONLY)
c
PMU 1,10,12, 1) = QD{919C10
Pul 1. 6,12, 2} = -00(91°C10256 ¢ OD{10)*CE
PWL 1,10,12, 21 = -0D{9}1°510%Ch
PMt 1, 6,12, 31 ¢ -0D{91*C100C6-QDI1DYe58
Put 1,10,12, 3) = GD19)9510%56
Pul 2,10,12, 1} « CD(9)OCHO
Put 2, 8412, 2) = ~UDI{910SBeCI0 + QDII0OI*CH
Pul 2,10,12¢ 2) = ~Q0(9)0CB2510
Pul 2, B.12, 3) = -QC{91°C8*C10-00(10) 458
Pui 2,10,12, 3) = ¢D(9}1058510
PW{ 3, 6,124 1) = S112(~0C(9)9C10#S6 + QD(10)°C6)
P 3.10,12, 11 = -QD(915119510°C6 + QU{91oC10%C1H
Pl 3511412, 11 « =S119(GL(6) ¢ GD(9)1°5101 » C11+(OD(9)eC10%CE + @
101101561
T PUL 34 6,12, 2} = C118(-0L(9)eC10056 + GDI10)*Ce)
i PWt 3,10.12, 2) = -0D(91°5119C10-QD(9)+S10%C11%Co
4 P{ 3,11.12, 2) = -5112(QC(91eC109C6 ¢ QD(10)+56)-C119(aDI6) & QDY
1910510)
Pul 3, 6,12, 3) = -Q0(91+C10#C6~AD{10)0S6
PWi 3,10,12, 31 = 0D(9)9510°56
Pui 4y €412, 1) = S11#1-0C(9)2C10056 + CO{10}2C6)
Put 4,10,12, 1) = -0D(9)251195108Cs + QD{9)eC102C11
Pl 411,124 1) » -SI1e(Q0I6) ¢ QD(9IeSI0] + C1EviQDI9IOCI0SCE & €
101101 058)
Put 4y 6112, 21 ¢ (118C70(=301910C10056 + ODLI101*Co) ¢ STS(-GO(I}e
10109C6-QDL101°56)
D1s Pul Gy 7,12, 2) » (7+4QDE11)-QD{9)+C10956 o GDL1019Ce)-5T+(~5119¢0
Tuib) + GD(91e510) ¢ CI1+1CD(91+CI0%CE + ODY10I*S61)
£ 99 Pl 4,1Cv12, 2) = QDI9)*5100569ST ¢ C79(~QD(9)*5S119CLI0-0L(PI*S10%C
111081
e Pl wy11,12, 2) = CT%0-S112(Q0{9)sC10C6 & OD(10)456}-Cl1o(EDI6) o
1 JD(3105100)
Tiel PR &y 6412, 3) = ~C119575(-Q0(91+C1056 « QDI10)*Co) ¢ CT*1-0DI9)
120109C6-0D(10) 056}
S Pul 4s Trh2y 3) x -C70(=5110(00(6) + QDI9I*510) + C11o1AD(YI*C10C
16 » WCUI0)+561)-570(CDI111-GD(9}9C10956 + GDI10)eCo}
Pl 4,30,12, 3) = GD(9195102569C7~STo(-CD(91#511+C10-AD(9125108C11
10C6)
Pt 4ylla12, 3) = -579(-5112(0QD{9)*C104C6 + QDI10)*56)~C11o(AD(6)
1+ QD(9)95101)
Put 1,12,12, 11 = WD(6) + QD{9)es1O
Pnl 1412412, 21 = GD(9)°C10%C6 + GDI10)eS
PW{ 1,12,12, 31 = -QC19)0C109S6 ¢ QD{101*C6
Pui 2,12,12, 1) = CO{8) + QD{91%510
Fal 2,12,12, 2) = tDi9)eC82C10 + QD(10) eS8
PAL 2,12,12, 3) = -CDI9)®389C10 + QD(10}eCS
PK( 3.12¢12, 3} = S11°(QD191°C109C6 + QD(10)956} + CI1*L00(6) + 6D
1191251C)
tia2 Pul 3412412, 21 = -$11540C(6) ¢ QD(9}10510) ¢ C114(QD(91°C10%C6 ¢ O

101101 °56)
Pet 3,12,12, 3) UD(113-COt9)C10°56 + QD{10)°Co

Pal 6,124,325 1) = GDLT) + S1120QD(9)eC10*C6 + QDI10I*56) ¢ Cile(QD
116} + CD{91os51C)

3 Pul 4,12,12, 2) = CT5(~511°{QD(6) + QD(9}=510) + C11%(Q019)eC10°Ce

1 + GULID)eS6)) # STe(OD(11)-QUI9I=C100S6 + QOLI0)~Ce}

[ Pl Gyl2.12y 3) C70{eD1111-uD(9)1°C10056 + Q0{101*CoI-STo(-5i3%18
12661 ¢ QDU91eS10) + C11e(CD(9)*C102C6 + QDE10)1361})

Pl 1,412, by
PWL 1,12y 9y

1
510

PHl 1412, 9 C10eC6
PWl 1,12, 9y -C10e56
Pwl 1,12,10, 56
- P 2,10, (43
R PWl 2, 8, 1
LI PAl 2,124 9 510

1)
1}
)
3
2}
n
1}
1}
PWe 2,12, 94 2)
Prt 2412+ 9, 3}
Put 24124510, 2}
PAl 2y12+410, 3)
Prl 3,412, by 1)
Pal 3,124 &, 2)
Pnl 3,12, 9, 1)
Pal 3412+ 9y 2)
PAl 3,12 9, 3)
P{ 3,12,10, 1}
PWl 3,12410, 2}
PHl 3,12,10, 3}

3)

1)

2)

3)

=511

S119(102C6 + S10%C11
-5131¢510 + C10eC11%C6
-C10°56

11956

C11956

e

1

al

-511%C7

S11es?

) PWl 3,12e1%,
T Pl G2, 6y
T PNl 4,12, &y
Pl 4,124 64

TR E R R N I R N SN R I |
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-
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0081

Goe2

0083
00o4
006Y
0088
00KY
D0ok
ovey
0090
G041
0092
0093
009«
0099
009e
0097
0038
009¢
0100
0101
0102
0103
0104
0105
0106
o107
0108
cl109
0110
0111
o0l12
0113
0114
0115
011s
0117
orle
0119
0120
0121
0122
0123
0124
o125
012e
0127
d128
0129
130
0141
0132
0133

0136
0135
0136
0137
0138
0139
0140
0141
0142
0143
Olas

0165
0146
Glae?
0108

0lay
0150
0151
0152

0153

0154
0155
0156
0157

0158
015%
0160
0le6l
Dle2
0163
0164
G165
0166
0167

Oler

0169

AR

PRl 4,12, 7,
Put 4,12,y 9,
PRl %12, 3,
PHl 4,12, 9,

1 i
1 S11eC10e(6 ¢ 5100C11
2
3
PHE 6,412,100, 1
2
3

-C10°56557 4 (70(-511°510 ¢ C10°C11eCs)
=(102566C7-578(-5112510 + C109C11eCo)
Silese

CI119560C7 ¢ Coes?

~(11°56957 « Coe(7

57

Pwl 4,12,10,
Pdt 4,12,10,
PUl 4432411, 2)

Pl «y12411, 33 ()

PHE 1, 6y 9, 2} ~C10°56
Pwl 1y 6, 94 31 -C10*Cs
PWl 14 6,10, 2) (4

PWl 1, 6,10, 3) -56

Pu{ 1,10, 9, o

PHi 1,10, 9, -510+Ce
PWi 1,10, 9, 510256
PUl 2, 8, 9, =58C10
Pul 2, 8, 9, -(0e(10
PWE 2, 8,10, (€]

Put 2, 8,10, -58

Pwil 2,10, 9, Qo

Put 2,10, 9, -{8*$10
Puil 2,10, 9, $8+310
Put 3, 6, 9, =S11eCiCeS6
PuL 3, 64 9, =~Cl0eC11+5¢
PH( 3, b, 9, -C10*Cs
Puil 3, 6,10, S11eC6
Pui 3, 6,10, ClisCe
PHL 3, 6,10, ~56

Pul 3,10, 9,
PNl 3,10, 9,

~511%510%(6 ¢ C10°Cl)
~511°C10-510%C12eCo

Pul 3,10, 9, 510856
Pl 3,11, 6, 511
PUl 3,11, &, =11

Pwi 3,11, 9,
PRl 3,11, 9,

3112510 « ClOeCileCo
~5112C1C°C6-510C11

PWE 3,11,10, Cl1esé
PW{ 3,11,10, -511%56
~511eC10958

Pul
PUL &4, 6, 9,
PWl 4, 6,410,
PW{ &, 6,10,
PWL 4y 6,10,
PHL &, 7, &,
PUl &y 7, &,
PNL 4, T, 9,
PH 4y Ty 9y
Pt 4, 7,10,
FWl &, 7,10,
Pt 6,y 7,11,
Pl 4, 7,11,
Pu{ «,10, 9,

Pul 4,10, 9,
PW{ 4,30, 9,

-C100C11+562C7-C10%Co0S7
C10°CH1956257-C10%C6%CT

s11eCe

C119C60C7-56%57

-C112C6057-56%C7

s11es7

s11eC7 )
=C10°369C7-57(=S112510 ¢ C10eC11%C6)
C10%56457-C70(-S11e510 ¢ C10¢C11%CH)
~C11%56%S7 + CoeC?

~C110568CT7-Co08T7

1

NE W B EE B AR M N R WMo oA NS EEE N AR MR R W NN MR NN RR RN W RN N E N AR R KRN

=57
~511%51C*C6 ¢ C10°C1)

510056957 ¢ (7%({-5S11#(10-S10eC119C6)
5100562C7-STe(~511%C10-510°C1oCH}

PHl 4,11, 6, =511
Pui 4,11, 6, =C11+(7
PHL 4,11, C11es7

PWl 4415,
Pul 4,11, 9,
PRI 4,11, 9,

-S11°510 ¢ C10°CII*C6
C72(-5112C10+C6-5102C11)
~S79(-5112C10*C6-510%(11)

1
2
3
2
3
2
3
1
2
3
1
2
3
1
2
3
1
2
3
1
2
1
2
1
2
PHL 4y 64 9, )
2
3
1
2
3
2
3
2
3
2
3
2
3
1
2
3
1
I4
3
H
2
3
1
2
3

Puwil 4,11,10, 1156
PW( 4,11,10, -5)11*56%C7
Prt 4,11,10, 511%56257

WUX,wUY WUL = WTX,NTY,N¥2

D0 2 J=6,12
00 2 Ks6,12
00 2 L=1,3
PHIS.J KoL )oPhid,,K,L)

DERIVATIVE FUNCTIONS W/R TO PUYENTIAL ENERGY vz

PUL 2, 4,12,
PUL 2, 5,12,
PUL 2, 6412,

1} = XK{1,11022160)¢592510

1

1
PUL 2, 9,12, 1

]

1

L

¥

boe XK{1,1)022060) 009

bt XKU1,10222¢600°(XNU1,1)22014) ¢ XMUL,3)022(15))
Vo XKtD,11822150)0(Q(6)*(92510-0(5)+59-A12C9*C10

IXNCL,14°22¢10)~

PUC ¢410,12, 1)

159°C1C0+56 + xi

PUL 2, 4412, 2)

A2259=XU11,112(90C10 ¢ XM{1,11322{11) « A2#€9=510)
* Xk{1,1)522060)240Q16)2592010 + A1%S9oS51C-XN(1,]1)e
1110592510 + XM{1,1)9590C102(6 + A2¢59°(10)
€ XK(1,21972(611%592510

PUL 2, 5,12, 2} = XK{1,2)92Z(61)°C9

PUL ¢y 6,12, 20 = XK(1,25022060)8(XN{1,2)°22014) « XM{1,2}°22(15))
PUl 2, 9,12, 21 = XR{1,20222(51)°6CT4)2(92310-C(5)359-A28(92C10 ¢

TXNCL,20°2Z010)-X011,2)2(9¢010 ¢ XM(1,2)°2Z(11)-A3259 + A2%(925)0]
PUL 2,10,12, 21 = XK(1,21°22461)2{Q(4}259°C10 » A1o§90S10-aN{],2]

1590C10°56 ¢ xL11,21059°510 + XM(1,21°59°(102C6 + A29599C10)

PUL 2, 4,12, 3) = XK12,13927(62)059%510

PUL 24 5412, 3} = XKI(2,1)°22t62)%C9

PUL 2, 6,12, 31 = XK(2,1)°2Zr2)%iXNI2,1)1622C14) + XM{2,1}222(15))
PUL 2y @412y 31 ¢ XN{2, 10322 (0210(XNTI2,1)422420)-XL12,1)2(52C10 «
1XME2,1182210)) ¢ GI4)o(9°C1C=2(5)°59~A10C99C1C-A3*59 + A2°(9°5]10)
PUL 2,10,12, 3) = XKI2,1)¢12(6210{~XN(2,112592C10056 + XL(2,1)¢59e
1500 ¢ XM{2,101059°0100C6 ¢ C(&)eS590C10 + A1#S9S10 + A2#59sC10)

FUL 2, 6,12, 4) » XK(2,2)°12¢63)0592510

PUL 2, 5412, 4) = XK(2,2)020(63)%(9

PUL 2, 6,12, &) = XKI2,2)0228063)0(XN12,2)1922114) ¢ XMI2,20972(15))
PUL 24 9,12, 41 © XKI2,21022163100XNC2,2}922010) & XM{2,2)%22(11)-

IM(2,2)2095C10 + 0(4)*(92510-0(51059-21°(99C10-43259 + A2s(9¢5)0}
PUL 2,10,12, &) = XR{2,2)e22063)0(=-aN(2,21259°010056 + XM(2,21459%

1C10%Ce + XL12,2)1°59251C ¢ G(4)0590C10 + AJ®592510 + A29592C10)

DERIVATIVE FUNCTIDNS w/R TO PUTENTIAL ENERGY U3  PART ONE

PUL 3, 2,12, 1) & -ZIU53)0(-22145)2C6%2 ¢ Z2t4b)05892)0,$

F
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L1 10
B DY
N

113

R
R
176
17

c118

9179

0180

0161

0182

0133

0184

N1e5

Giee

0147

01-8

0189
0190
N1yl
0192

0193

0194
0195
0196
0197

0198

0199
02920
0201
0202

0203

0204
0205
n2ne
D207

0208

0209
n21e
0211
n212

0213

0214
0215
0216
0211

-

~e

I XaXal

~ma

-

~

1) = -2I153)1%(22(45)°(B22-7116b}23802)0.5
Put de 5,12, 1) &= =L245310122(45)058°2 o [21&b)e(B®2)¢,5
PUL 3, 6412, 1) = —ZI4531°(Z1(45)0{22(6)1158 - (B*12(42))
1eoe Zlian) > {2Ital)o(BrSE822(42))02.)0.5
PuUt 3, By12, B0 & =Z1453)9(22¢4S)I0tIL(%3)0CB-11160)250)%2 ¢ J2140)
10(~-211431058-12t64)3(B1%2)0.5

PUL 3, «.lZy

JERIVATIVE FUNCTIGNS w/R TUO PLYENTIAL ENERGY U3 PART TMO

= ~I1(591°(~22145)2(8%2 ¢ I1146)°5822)9,5

s -Z2459)5422165)°(8%2-22146)°5802])%.5

PUL 3, 5412, = =21(59019(21(65)95802 + I1{46)e(8%2)e.5

PUL 3, 6412, 2 =J24591 021650 ({12162} o58 ~ (Beliie2))e

12.% 22166)ct22(41)*Coe58022142))%2.0%.5

PUL 3, 8,12, 2! = -I1455)5172(65)0(22(43)2CB-11(AGI*58102 ¢ I1(46)
10(-72(43)258~12{44)0CB1%2)%.5

PUL 3, 2.124 22
PUL 34 4412, 2)
2)
ral

DERIVATIVE FUNCTICNS W/R TC POTENTIAL ENERGY U4 PART ONE

PUL &y 2,32, 1) = XKYI2221(66012(-08 ¢ 1)

1 -G12801.-C8)-(-(ALPRALI-C(3))2C9®SL0 + ALPHA2e({10 ¢ ALPHA3®S9s510
1 -22-62-Ul2})0CE-(iALPHAL=C{3))°S9-ALPHAI(9-A3-G3)eS6 ¢ ALPHAZ

1 -42-62

PUL &, 3,12, 3} = XKYIoIZ(641%(CB0(94510-58259)

1 ~002)°C9¢5)0°C8 + Q{2)059°58

PUL &, 8412, 1} = XkY1o22(64)°(CBO(=A3~C3 + ALPHA3®(9 + SY*{ALPHAL
1-G131)1-582(-62-Ci2)~A2 ¢ ALPHA28(10 ¢ ALPHA32592510-C9°53C*1ALPHA
11-0¢(31)

14002)3(-(ALPHAYT-C(311#L92510 » ALPHAZ#CI0 ¢ ALPHA39S90510-A2~62

1 ~Q(213958-Q12)°({2LPHAI-C13})1°59 ¢ ALPHA3S(9-A3-G3)e(8

PUL 4, 9,12, 1) = XKYL1o22i66)>{C8CLALPHA3S(9®510 + 599510 1ALPHAL~
1603110 ¢ Spo(-aLFra3e59 + (9°({ALPHAL-CI3)}})

1 -0t21°{(ALPHALI=C(3)10599510 ¢ ALPHA3®(9#5J0)*(B-0(2)*((ALPHAL~

1 QU3))1o(9-2LPHA32S59) eS8

PUL 4,105,102, 1) = ARY122Z1641oC8°(~ALPHA2$SI0 + ALPHAZCSIeC10-Coo(
1102tALPHAL-CI3 )

1 -Q(2)e(=1ALPHAL-CI3)19C98C10-ALPHA2*SIO + ALPHAJ®S59eC10)eCS

DERIVATIVE FUNCTICNS W/R 10 POTENTIAL U4 PART TuO

PUT 4,y 2,12, 2) v XKY2¢27(65)01-(8 + })

1 <0i21°0)o~C8)=(-1-5LPHAL=-013))3(9°5S10+ALPHA2+CL0+ALPHADSS92510

1 -R2-02-G12))eCB-(t-4LPHAY-QUI))*SO-ALPRAI*(9-A3-G3)e58 ¢ ALPNA2

1 -a2-62

PUL &, 3,12, 2) = XKY2¢22{65)*((8*(9°310-58459)

1 -U(2)3C9°5102(8 » Gt2)1°59°58

PUL 4o B+12, 2) = ¥RY2022(65)°1(80(-63-A3 ¢ ALPHAIS(9 ¢ S9s{-ALPHA
11-Q(31))-SBo(-(2-5(2)=-A2 ¢ ALPHA29(10 ¢ ALPHA3eS9#510-(9¢510°(-ALP
1HAL-Q{3) 1)}

140420 5(-1-8LPHEL-C(3))°(92510 ¢ ALPHA29(10 ¢ ALPHA3®S9#510-A2-62

1 ~0(2))058-L{2)2t(=8LPHAL-GC{3))259 + ALPHALC(9-A3-G3)*(Cd

PUL 4, 9,12, 2) = XKY2922{65)10((B8°(ALPHA3*C9*S10 ¢ 5925100 1~ALPHAL
1-Q131)) ¢ SBo(-aL¥r43059 » (9e{-ALPHAL-UL3L}I))

1 -G{2)°((~4LFHAT-L43))2592510 ¢ ALPHAI®(9°S101*CI-0I2)01{~MLP
1 G(INIL9-2LPHA3ST) oS

PUL 6, 10,12, 2) = XKY2°27L651°C8¢(-ALPHA22510 ¢ ALPHAI®S9eCl10~(9e(
1102 (-aLPHAL 1311
1 -G121e(-(~ALPra1-3(3)1°(9°C10-ALPHA25510 ¢ ALPHA3®59+(10)C8

CERIVATIVE FUNCTILNS W/R FO DISSIPATIVE ENERCY UBARL PARY ONE

POL 1, 64124 1) = $9°510

POL 1, 5,12, 1) = (9

POL 1, 6,12, 1) = XN(1,1)02Z816) + XMI1,)}*22(15)

PGE 1, 9412+ 1) = XNT1,10°Z20100-XLIE,2)5C9%C10 ¢ XN(1,1)922811) o
1 A2°092510-439S9 + 3(4)=(52510-Q15)259-A12(9°C10

POL 1410412, 1) = ~XN(1,11°595C10°56 + XL{1,1)259°510 ¢ XW(]1,1}e89
19C10%C6 + L2959°C17 4 0(6)9599C10 ¢ A)J*S9e510

POt 1, 4,12, 2) = 599510

PCL 14 5,12, 2) = €9

PO b, £,12, 21 3 XH{1,2)¢22t15) + XN(1,2)2Z0114)

PDE 1, 9,12, &) = =XL(1,2)°(92C10 + XM{1,2)027811) ¢ XN(1,2)e22110
1)+ 32+C$2500-A3259 ¢ GU61°092510-C15)%59-A12C9+C10

PEL 141C, 020 23 = XL1,212592500 & XM{1,2)059°C10%C6-KN(1,2)%$94C)
16eS6 ¢+ 222592C15 + L(6}1255°C10 + A12593510

POL 1, 4,412, 3) = $92510
PDL 1, 5,12, 31 = (9
POL 1, byl2y 3) = XM{2,1)°22115) « XN{2,1)}221(14)

FOU 1, 9.12, 31} “HL(2410°092C10 # XM(2,13°1Z2(11) « XN{2,))*22(10
1) ¢ 32:C92S10-£375% 4 Cl&)2C92516-015)059-41009°C10

FOC 1417412, 31 XL (2,1)12592510 ¢ XM{2,1)9592C100C6~XN12,1)059°C)
10256 # 272992015 ¢ Wl6)105G3(10 ¢ A19599510

PUL 1, 4412y &) = 592510

POL 1, 5,12, 4) 9

PO 1y £e12, &) KM(2,2)322(15) + XNI2,2)%11(14) .

FOU by %012, 6) “XLE2,21092010 ¢ XM{2,2)922(11) « XNE2,2)0271(10
1 * 2230528 10=23709 ¢ C{6)379%510-C(51°59-A12(92(10

pol 1,1 2y a) 2 XLU2,E1359¢510 ¢ XM(2,2)959eC100Lo6-XN{2,2)2592C]
FoeSe v 22059201, ¢+ L(612362C15 ¢ AleS59e510

CERL, Tfve FUNCTIINSG Ww/R 10 UISSIPATIVE ENERGY UBAR2 PART ONE

22032 ~ZI07710CE22 + IL{TB}*5892)
IZU22122247712(622-11(78)05892)

= 72U (21617125822 ¢ I1(78)+C8%2)
LLR21=(2Z0TT)0(22(79)e58 + 121801 *C(8)*2 « I2(LTN
1258)=2)

ZZ422)0122(7T)0(TLLT6)*CO-22(T5)2S8)%2 ¢+ L2(T8)®
c1(8122}

POU 2y eql2y 1)
POL ¢y w4120 1)
PEL /0 94120 1)
FDL 2y b,12, 1)
112027 (isrelB-¢
L 1
2

[ BT TS P

1t-41(76) 2881
DERILATIVE FUMCTITNS W/R TOD DISSIPATIVE ENERGY UBAR2 PART Tud
POE 2, 2412, LZ4S1Ie(=22(T77)0C0%2 ¢ I2{78)*50%2)

PDL 2, 4412, T2{el1st22177)°C8°2-22178)%5822)

2 =
21 -
PUL ¢y Sel2s 21 = IZI4B11S112177095892 o L2(T8)0CE2)
YDE 2y 6412, 20 5 IZ1813°(2ZATTI*IZLITINOSE o 1TIN0I=CAI®Z ¢ 22118
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0218

ael1s
0220
0221
6222

0223

0224
0225
D226
0227

0228

0229
0230

0231
0232
0233
0236

0235
0236

0237

0238

0239

0240
0241

0242
0243

GR2uk

0245

0266
6267
0248

0249
0250
0251

0252
0253
0254

025S
8256
02s7

0258
0259
0260

0261
0262
0263

0264

0265

~Ae e

laXakakal

-~

Aneam

Y a kel

Y atal

112022179198 =-221tG)25¢c)22)
S0 24 Bylz, 23 ® 2L181IOUIZETTIC(L2(76)9C8-22175)0580302 ¢ 12{T0)°
11-221761258-22(7512CB}*2)

CERIVATIVE FUNCTIONS w/R TO DISSIPATIVE ENERGY UBAR3 PARY ONE

POI 3, 2412, 1} = Z24713®(22(70)eS802-2216910(8%2}

Pl 3, 4,12, 11 = ZZ(T1)e(-221701258%2 + I1{69)°C(B%2)

PO 3, SelZy 1) v LT171104214701°C8°2 & 12{69)¢58°2)

BOU 3y 6012, 3F ¢ IZUT11e(224700°0-22122)558 + LL(7312C01e2 ¢ 11(&
1510¢22(7215C6 + [I173)08B)%2)

PUL 3, B,12, 1) = Z2(T11e4Z2(T010t-22(67)°S8-121661+C8)%2 + 11169}
1ot21167)2C8-1216€)1°58122)

GERIVATIVE FUNCTIDNS W/R TO DISSIPATIVE ENERCY UBAR3 PARY THD

POL 3, 2,124 21 = ZL(T6)5(2LLTCI*SB22-22169)0C892)

PO 3, 4,12, 2) = I11764)0(-22(70)25802 + 12163)9(8%2}

POt 3, 5,12, 20 = IZ1(74)¢(2107012(822 & 712169)05882)

PLE 3, 6412, 2) = 224T4}211ZET0)2(~221T21258 ¢ LI(T731eC8}%2 * 21ié
19)°4221721°C8 + I1173)1058)*2)

POL 3, 8,12, 21 = I2{T410(22(70)°(-12167)*58-12166)2C8)02 ¢ 12(69})
19¢22(67)°CB-221(6¢158)2)

CERIVATIVE FUNCTICNS W/R TD GENERALIZED FORCES PART OF VECTOR
AB8,88,C8

PGL 1y 14,12, 1) = 22185)0C7 ¢ ZL(9}eS7

PGE 1, 6,12, 1) = ZETABO(-22(910C11>57 & ZZ(111eCT) ¢ XIBe21(9}e5)
11 ¢ (BB + Q{1))2422(9)9C11°C7 » 22(11}57)

PGI 1y 7012, 1) = 1:TAB®(-22185)»C7-2219)1257) + {EB * QU1))I*(-221B
151057 « 22(81°(7)

PGl 1y 9412, 1) = IETABo(=IZ(903087 & 2241510C7) « XIB*(Il{131¢511
1-560C100C11) + (EB » QU11)°(Z2190)oCT o 22(151957}

PCL 1,10,12, 1) = ZETABO(-IZ1(F61057 + (9*(10%56°CT} o X1pe(-C92C10
105110C6-C905109CI1) + (EB + QE1)1e(22(86)10CT ¢ C9*C10256057}

PGL 1,411,132, 1) & ~ZETAROST®(-221121°511-C9+C102C21) + KIBeZZ{A5}
1+ CTo(€6 & CU1)Iot-22812)0511-C9°C10¢C10

PGU 1, 1,12, 2) = 11187)°(7-C10%56°57

PGl 1, by12, 2) = ZETABO({C10%(11056257-C10¢C62(71-X180C10051105¢4 ¢
1 (EB ¢ Q{1))e(=C10°C11056°(7-Ci0*C6257)

PGI 1, Tol2, 2) = ItTAE®(-22(BT1°C7 + C10*56*571 « {EB + Gil)}ei-2
12167157-C100569(7)

PGLI 1,10,12, 2) = TETABS(S109564C7-5T¢(~(102511-510°CE1#C8)) « XI1B
1 (C10C11-5104511%C6) + (EB & QU1})o(S10°56°57 & C7o(-C10#511-510¢
1C11eCe))

PGL 1511412, 2} o ~lETAB®I2{88)5S7 ¢ XIE°ZZ{B7) + IL(BBYSCT*(ED ¢
1an

PCL by 1412, 3) = Z21903°(7 & 22115)987

PGE 1o 6412, 3) ¢ IETABO(Z21141°CT-22(15)°C11257) ¢ X16*22§15)*51}
1 ¢ (EB ¢ QU11)o(22L16)oST + Z2U15)¢C11e(CT)

POL 1y 7o12, 31 s ZETABO(-ZLU90}eCT-21115)ST) + (EB « QU1D)e(~TLE
1901257 + 2Li15)0L7)

PG 1y 9,12, 33 v ZETAB®(Z2(10}9CT-ST0(ZI(111°C11 & C9eCA0eS11}) +
1 KIB(Z2(1119511-C9oC105C11) ¢ (EB + J(1})°422(10)S7 + CT*(I2MID)
19ClE + (92C102511))

PGI 1410412, 3) = JETABC[-7Z{891257-3590(1C>562(7} + X18°(599C10°51
119C6 ¢ 599S1GoC11) + (EB + Q(111212215910(7-59°C10256°37)

PGU 1411412, 3} = ~ZETABOSTo(-22(13)0511 + $9°C102C21) + X18022(90
1) + CTe(EB + Q(1))0(=22(13)eS11 & $9°C10sC11}

ZERIVATIVE FUNCTIUN W/R TC GENERALIZED FORCES PART GF VELTOR
AR.BR,CR

PG{ 2, 1,12, 1) = 221851eCT ¢ 12091257

PGU 24 1412, 2) = 21(87310C7-C1G>56°57

PGI 24 1,12, 3) ¢ 220901507 ¢ 22{15)1°57

VERIVATIVE FUNCTIONS W/R TO GINERALIZED FORCES PART OF VECTOR
B8C,BC,CC

PGE 3, 1412, 1) = 22485)8CT7 + 212191957
PG( 3, 1,12, 2) = 22187)e(7-C10*56°57
PGL 3, 1,12, 3) = 22090)1CT & 22115)257

VECTOR BUFTA, BUFTB, BOFTC IN GENERALIZED FORCES

PGI 4ed2,12, 1) = =BUFT2(Z2185)9CT ¢ 21(9)°*57)
POI 4412,12, 2} = =BCFTS(22(BT719C7-C10956257)
PGl 4412412, 3) = ~BOFTO(Z2I90¥9C7 + 12115128

VECTOR ROFTA, ROFTB, ROFTC [N GENERALIZED FORCES

PGI 5,12,12, 1) = ROFT=122185)°CT % 1219)°57}
PGt 5,12,12, 2) = ROFTS(Z2(8718CT7-C100°5¢e257)
oLt S,12,12, 3) = ROFTS{I24901°C7 + LI(15)°57)

VECTUR CUFTA,CCFTB,CCFTC 1IN GINERALIZED FURCES

PGl 6,12,12, 1) = COFT2(I2(651°CT ¢ 12(9)°37)
PGt 6412,12, 21 = COFT-(22t87)-{7-C10°56257}
PGt 6,12,12, 31 = COFT-{22090)e.7 + 22815)°57)

SELTA TJ IN U2 OF POTENTIAL ENERGY

SR 1, 1, 1, 10 = SXNUL,10-23 & LZ(B3) & AMI1.11°22(13) ¢ XK(1,1)*
1220150 =XL11,41)286¢C10
CEL 1y 1, 14 2) ® -XNU1,21-23 & II483) & XM{(1,2)272(13) & XN{1.,2)*
1220153-XL11,2)059¢eC10
TAL Dy 1 e 30 7 -XN(2.1)-43 ¢ L11¢3)-XL12,11¢59=C10 ¢ XM(2,1)%21
1013) ¢ XNi2,10022415)
AL Ly 1a 1, G} = =XNE2,21-33 ¢ LZ183)-%L12,2)°59¢C10 ¢ XM{2,2)021
10130 + XN(2,2}221L15)

DELTA 1J PRIME [N GENERALIZED FORCES

OPU 1y 1y Fe 10 = =XLE1,0) ¢ GU3)-A1 o 27(B&) + KM{l,11021(12) ¢ X

F-~13
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B e la kel

INCLoY e 2493+ XLL1,139C99C10

SR L,

vl é) = ~XLT142) + OH3)-A1 ¢ 1718841 ¢ XLU1,20%C99C10 ¢ X

FME1,2 19220120 ¢ XN(1,2)°22(9)

P

1

s 1y 3) & =XLE2,1) ¢ GU3)-AL ¢ I2(B4) ¢ XL{2,1)9(9e¢C10 + X

1%102,11222012) ¢+ xK(241)072(9}

LA

1

e 1o &) = =XLE2,2) ¢ QtI)-A) o I2(B4) ¢ XL{2,2)°C9%C10 ¢ X

1982,2)028124 * XN(2,2)*22(9}

RETURN
END

SUBRDUYINE SOLVE

THIS SUBROIUTINE CECOUPLES YHE VECTOR DIFFERENTIAL EQUATICN
A*QD. =8 ANC SULVES FCR THE QCD(I) WHERE 121,2,...,]

1
A RO.IFIED SCUARE ROOY METHOD 15 USED. THIS METHGO TAKES ADVAMVAGE

<F THE SYMMETRY [F TrE MASS MATRIX.

DIMENSION SC10,111,XK{11),CH11)

COMMLN
{D*NON
$t1, 11
541,2)
511,3)
S{t,u)
S11,5)
S(1.6%
SE1,71
511,8)
3(1.9)
$t1,10
361,11
ey =
$42,43)
Si2,46)
50245)
st2,6)
St2.7)
5(2,8)
502.9)
St2,10
512,11
ct2) =
5{3,4}
$63,5)
$43,8)
513,7)
563,8)
$13,9)
513,10
503,11
€31 =
St4,5)
1501,5)
S5ta,s)
1561,6)
S16,7)
1541,4)
Si4,8)
150} ,4)
584,38
1511,4}

/
/

1]
3

)
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[}
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.
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t
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.
.

5(e,10)
1,10)28(1,4)

NAMESL/A(1)410),FL L)
DERIVI/ZQU1I11,QDi11),X(22)
All,1)
All,2}
Af1,3)
All,4)
All.S)
All,8)
AL,
Atl.8)
Al1,9)
« Al1,100
= All.1)
(1e1)e0(-1
Al2,3)-Ct1)oStl,2128(1,3)
A{2,4)-CL1)05¢81,2)0801,4)
A(2,5)-CC1)*S11,2)05(1,5}
A2,6)-012012502,2)5(1,6)
A(2,7)-0C111°5(1,7125(3,2)
AL2,8)-((1}+501,8)9501,2)
A12,8)-C11)25(1,9)°8({1,2)
= A(Z,10)-Ct1)o5(1,10008(1,2)
€ A(2,111-C{11e5(1,11)05¢1,2)
Al2,21-C(1108(1,2)002)0e(-] )
A€3,60-C1212502,3105(2,4)-Ct11*5(),3)0°5(),4)
Al3,5)-0(2)°5(2,5)°512,3)=C(11%5{1,3)85(],5)
A(3,6)-C12195(2,612542,3)1-011)e5(1,3)°8(1,6)
Al3,7)-C{212502,7)2502,3)1-C(1)eS01,71°511,3}
Af3,8)-C12)%512,8)0502,3}~CUl1)10511,8)e5(1,3)
813,91-C(2)°5(2,9)°5{2,3)-(L1)1*5(5,9125(1,3)
* A{3,10)-512,10)%Ct2)°502,3)-C(1)*5(1,10045(1,3)
* AU3,110-502,110°0C{2)05(2,3}~C{11%5(1,11)95(1,3)
A13,3)-012195{2,3)°92-C(1}2511,3)ee2)0e{~] }
Aihy51=C13}e5(3,5)%5(3,6)-CL2)*S12,5105{2,8)-C(1)*S5(1,6)e

AlG,0)-C{3105{3,61°513,4)1-0(2105{2.6)°3502,&)-CL1)1%5(1,4)*
AlayT1-C13105(3,7105(3,4)1-C(2)%5(2,7}25(2,63-CL1}*5{1,7)*
A(4,81-C131%503,81°513,4)1-0(2)%5{2,8)0502,4)-C{1}*5(1,8)*

A{a,9)1-C13)9503,9)25(3,4)-C(2)195(2,9)2582,4)-C(1)2511,9)

* A{4,)101-5(3,101°C13)°5(3,4)0-502,1003C(21°5(2,4)-C{1)*5¢11
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SCa il v A16,210-503,10109C1319883,4)-5(2,11)10C12}1°512,4)-CL1)*5¢}
1,11)°511.4]

Cla) o (A14,4)-C13105¢3,41802-C1219582,410°02-C11)95(1,4)0e2)00(-]1
1

S(5,61 = AIS,6)-C14)®5(6s510504,8)~Ci3105(3,55#5(3,6)-C(2)°5(2,5}*
1502,6)1-C11185(1,51°5(1,6}

515,70 = AUS,T)-Ci4)e5(4,TIoS(4,5)1-C(3)2513,50+5(3,7)-C(2)95(2,5)e
1502, 7)=C(1)e501,7)19501,5)

5(5,31 = A(5,8)-((&)05(4,8)05(4,5)~C(3105(3,5)5(3,8)-C{2)°5(2,5)¢
1542.8)-CL1105{1,8)°5(1,5)

S1S,90 = ALS,9)-L1a)sSt4,910504,5)-C{3195(3,5)503,91-C{2)95(2,5)¢
1502,91=-C11)1e5¢1,91°511,5)

$(5,10) = 415,101-C(61°5(&,10105{4,5)~5(3,101°C{3)95(3,5)-512,100*
100219512451 -Ct11=511,10)*5(1,5)

SUS,11) 7 A(S,111-Cla)o5ta,l1)9504,5)-513,11)0C(31e5(3,5}-5(2,11)¢
101212542,5)-Ct11e541,111*5(1,5)

C(5) 2 (A(5,51-C161o514,5)1202-C(3125(3,5)82-0(2)+5(2,5)%02-C(1}e5
Jil 5102200 -] }

SU6,7) = Al6,71-C16)*S14,7)95(4s8)-5(5,61°5{5,7)0CI5)=ClI)eS(3,0)e
1563,71-C1210502,612502,73-C{1)9S{1,7)e5{1,6)

SU6,8) = At6,B)-C(4)*5(4,8)05(k,b}-5(5,6)25(5,8)0CI5)-C{3)e5(3,0)¢
1503,81-C12105(2,6)105(2,8)1=C(1)105(1,8)05(1.+&)

S16,9) = AL6,91=C1a1o5(4,510814,6)-5(5,6)5(5,9)12C(5)-C13)1°5(3,8)®
1503,91-Ct2)°512,6)0812,91-C11}*5¢1,9)e51(1,6)

SU6,10) = A{6,10)~C14198(4,10)9514,6)-5(5,6105(5,10)1C(5)-5(3,10})¢
1003)90513,6)-5(2,101°C12)0502,6)-CL1)*S(1,10)%5¢(1,4}

S(6,110 5 Al6,111-C16)o5(a,111°8(4,8)-505,6)9515,311%CI5)-5(3,11)¢
1C032°543,61=5(2,211°C12)95¢2,6)-CU1)1®511,11)1*5(1,8)

Ci6) = (A(6,6)1-Cl6)®ST4,6)002-CI3)®5(3,6)%02-Ci2)95(2,6)%92-C(1])eS
1(1,8)022-515,6}0220C(5})ee{-1 )

SUT48) = A1T,81-Cl4)0516,7)05(4,01~515,71°5(5,8)0C{5)-C(6)*5(6,0)*
1506,71-C(3105(3,719503,8)-C12)0542,71e5(2,81-CU1}e5(1,7)°5{(1.8)

SE7,9) = AUT.91-Clal®S06,7125(6,9)-515,7)05(5.,91%CI5)-C{6)95(6,9)®
1506, 71-C1310803,719503,9)-CL{21°502,7)%5(2,91-CL1)o3(1,7105Lk+9)

17,100 v AL7,0001-C(4)05(4,71#5(4,10)-5(5,7195(5,101°C(5)-Cib)a5(4
1,10)08(6,74-5(3,10)0C1310513,7)-512,1009C{2)95(2,71-Cl1)05(1,7)e58(
11,10

SET 110 » ACT,111-C(4)10804,7)25(6,11)-5(5,7}95(5,111eC{5)~Cletes(e
1¢1109506,71-5(3,11)5C13105(3,71-542,11)%C(2)95(2,73-Ci11o511,71e5¢(
11,110

CT) = (A1T7,7)-CH6)eSTa,71002-CLe)oS(6,7)092-CU3}05(),T)002-C(2)0S
102,71092-C111°%01,7)202-5{5,7)002eC(5))0e(=]1 }

S18,9) » A18,91-C{4}1®5(4,B8)0514,9)=5(5,8)5(5,9)2C(5)=C{TI®5(T,]e
15(7,90-C16105(6,B)0516,9)-CLII05(3,8)05(3,9)-(12)05(2,8)5(2,9)-Ct
11)e501,8105¢1,9)

418,100 » A(R,10)1-C{&)o5{4,8}0514,10)=5(5,8)°3(5,10)10C(5)-CITIoSLT
1,8105(7,10)-C(61°506,8105(6,10)~53,10)1°C(3105(3,8}-5(2,1002C(2)0S
102,81-Ct11°5(1,81e5(1,10)

S(B, 1) = A(B,11}1-Cla)oSI4,8185(4,11)=5(5,810515,1112C(5)-C(T)esS(T
10832507,101-Ct61e506,8)05(6,13)-513,1110(13)9513,8)-5(2,11)0C(2)eS
1(2,81-Ct112501,8)25(1,111}

CIB) m {AL8,8)-Ci6)o5(4,8)002=CLT)05({7,8)002-C(6)*S(6,0)222-C(I)oS
103,81992-C12)°502,8)002-C11)0S5(1,8)0e2-5{5,8)%%22C(5))es{-1}

SU9,10) ¢ A19,10)-C14)0S44,9)05(4,10)-C(8)*5(8,9)°5(8,10)-C{TIos{?
1,9)05(7,10) - 181:5(6,910586,105-5(5,9)195(5,10)¢C15)-5{3,1019C(3]e§
103,90-5(2,1008C(2)°5(2,9)-C11)*5¢{1,9)2511,10)

SO 1LY = 209, 11)-"14)oS1&,9)eSCh,21)-CL8)2508,9)¢518,11}-C(T)051T
1e9hesiT, b h=t{61e506,912506,11)~5¢5,9)05(5,11)12C{5)-5(3,11)1eC{3}0§
143,91-502,11)5C12)e542,9)-CL1)*5(1,9195(1,11)

90 & 1849,9)-016)0514,9)902-C(8)2508,9)¢22-C(T195{7,9)002-CL0)0S
116,91002-C{31°513,9)022-00210502,94¢02-C(1)25(1,9)%02-5(5,9}e02e({
15h1ee(-1 )

SEI0,11) = AGIN,11)-C14)05(4,10)%5(4,11)-C(8125(8,10)05(8,11}1-5(9,
115195(9,11)0C(9}-C(T)o5(7,10105(7,113~Ci6)eS(6,10)%516,11)~5(5,10)
1°S05,111C(5)-503,10305(3,111°C(3)-502,101%5¢2,11)2C12)-Cl1I*5(1,]
101e501,11)

CL10) = (A{10,10)-C(4)0S(4,10)902-C(B}*S(8,10)%92-C(7)*5(7,10)002-
10661 "5{6+101292-Ct1)05{1,10)#22-5(9,10)922C(9)-5(5,10)002e({5)-51
13,100202-C13)1-502,10)0022C(2})ee(~1 1}

CO11) = (4031,11)-C16)°S(4,11)°02-C(10)1°5(10,111%02-C(B}*S(8,11)%¢
12-C0715507,113007-C(6)305(6,111802-C{11985(1,11)002-5{(9,1110020C(9)-
1505,1116023C(150=5(3,11)6029C{3)-502,k110020C(2} )00 (-] }

K1 = FL1)

XK{2) = FL2)=XK(1})oC{1}*5(1,2)

LY ED} FIU3)-xKU121oC12)2542,3}-XK{1}*L{]1)e5¢),3)

XKi6} Flal=XK(2)90{21925(2,4)=XK{3)8C(3)05(3,&4)-XK(1)eC{LD05{],&)

AKISY = F(BI-Cla1aXK{4)eS(a,5)~XKI2I2({21+5(2,5)-XKI(3)*C(I)*5(3,5)
1-XK(11eCe11o502.5)

XK{6) = F{61-Cla)eXK{6)oS4,b6) =515, ,60XK{SI*CIS}-XK(210CL2)95(2,6)
1-xKE3)2CI31°503,6)-XKE11e0(1)95{1,6])

Wit FUP)-((4)oXKI&)05{6,T)~S{5,7)¢XK{5)}2C(5)-XK(6)*C 6}2518,7)
LEAE P (217802, 7)-XKI3)e013195(3,7)-XK{})2C(1185(1.7)

AKLB) = FB)=C{4)0oXK{&}o514,8)-515,8)eXRI5)oC(5)-XK{6)*((8)%5(6,8)
T-XK(7)oC(TH25(7,60-XK1212C12)05(2,8)-XK(3)9C(3)85(3,8)-XK(1}eCll}e®
1,101,381}

ARL9) = FU91-Ca)oXK(6)oS{6,9)-XR16)20{6)eS{6,9)-XK(TIOC(T7)851T7,9)
=X {n)e(i8)o508,9)-XxKI{2)eC2125(2,9)-XK(3)0C{3)25(3,9)-XK{5)25(5,9
1108 =XKi1IeC L )o5(1,49)

XKELS) = FUICI=ClaleXKia)oS{e,10)-XK(6)*C(61*516,10)~XXK{TIeCiT)*S{
17,1C)-XN183eC{6)°S{B,10)-XK(9)05(9,1019C19)-XK{21+5(2,10}eC{2)-NK{
L:hoS a0 130 3)-Xxkt5)35(5,10)°CIS)~XxR(1}eCi1}25(1,10)

ANCLILE = FEELD-Uta)oXKia}oS(4,11)-XKi6)2C16)05(6,11)-XK(T)eCIT)osY
17,010 =XKIBYoC{n)es{8,111=XK{9)095{9,11)0CI9)-XK{10)*C(20}eS{10,12)=
JAK (217502, 10 0 0l -XK{319S(3,1100C(3)-XKI5)5{5,13)*C{5)~XK{1}eCl]
1)-501,11)

ALY = xKE11DoC (11}

(A10) = =X{11)2C{10)°S5110,11) ¢ XK{10)*C{10}

AG) = =X{11)¢5(9,11)°C(9)-X(10)25{9,10}oCL9} + XK(S)*L(9)
K{F) = =k(F11S00E)a848,111-X(101eC(B1o5(8,10}1-X{9IoC(BI*S(B,9) + X
Inf2)30()

XET) = =X{11)°CHT)oS (7,11 h=-XC101oCITI®*SUT,10)~X{DIOCITI®SIT,9)-X(8
P10CHT1S(T7.8) « xk{7)2C(T)

Xte) = ~x{1119C1elo5(6,11)-X(1012CL61*S(6,10)-RIFIOCIOI*S{6,9)-X(8
11o0{n12506,8)1-X47)12016}19506,7) + XKis)IoCio)

X(5) = =5(5,610X{6)10C{SI-5(5,71eX{P)0C(5)-S{S,B}eX{B)C(S)-X{12)eS
105, 1119C15)-X(103135(5,101%C(5)-X(9)*SE5,9)%C{5} + XK(S)eC(5)
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w
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w
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e = ‘((b)'llSl°5(k.Sl—((Gl‘l(ll|°Slh.lll-(lhl°lllO)‘S|k-lOD'((§
lI'X(Ql’Slh‘9)-((L)°X(EI'S(A.Bl-((b)'l(7l'$(6.7l-((hl‘x(b)’Sl&.b) .
1 Clapexxta)

X431 = -l(Sl'Cl]l'Sl3.5)~l(6)'((3|°5|3'bl-lllll'Sl!.lll'((!l-l(lOl
l'Sl).)ol'C(3l—l|9|°(l3)°5(3,9'-!(0"(lJ)'Sli.!)-X(7)‘(131‘513'71‘1
11616C{3125¢3,6) ¢ XkU3}2C(3)

x(2) = -X(S)'(IZ)°$(2.S)—l(h)‘(liI°S(Z.ﬁ)-l(3)'((2)'5(2.Jl-l(lll'S
llZ-ll)’((Z)-X(lOl‘S(Z.lOP'C(Z)-X(?)'((Z)‘Sl2-9|-l(8|'((ll‘$11.ll-l
1071900215512, 7TH-X{616C12}10512,6) ¢ xKe210002)

Xi11 = -l(5)°((l)'5(\.5)—!(6)'(!1)'S(l.hl—l(3l'Clll'S(l.!)‘llll'(l
ll)’Slle)-llll)°((l)°S(l.lll-k(lﬂ)=£(lD°Sll.10l-l(')°((ll'$|1.9l'l
]lﬁ)’l(ll”S(l.Bl-X(7)°((l)°Sll.7l-l(b)’((l)’Sll.bl + XK(LEeCHY)

RETURN

END

SUBRQUTINE KUTTA

THIS SUBKOUTINE INTEGKATES THEZ ELEVEN SECCND GRDER NONLINEAR
DIFFZRENTIAL ECUATIGRS WHICH DESCRIBE ThE MOT10N OF THE W110A1.
4 FDURTH ORDER RUMGE-KUTTA METHDD IS ULSED. .

CIMENSTION QSAVE(T11,CDSAVELTIL} AKLLL,4)

COMMON FDATAL/TIHE,TINEN, TINEH2,TINEHS

COMMIN /DERIVIZQE113,Q0¢11),000¢11)

COMMON /DERIVI/BLEY,CCFY,ROFT,FOFC

COMMIN /KUTTA2/1E0FT,IROFT,1GOFT

COMMUN /KUTTA3/1BPTS,IRPTS,IGPTS

CONNUN /XlEAulIBk(hl(lOS).BR(NV(IOSI.lﬂDX(lﬂS).lDDV(lO!I.
1 GAMMAX(105) ,GAMMAY(10DS)

00 5 1=1,11

QSAYELT =G}

GDSAVEC1Y1=0D(E)

CALL LlNEAR(‘l!E.Bl(hl.Bl(HV.!ﬂFY,l.PTS.lIUFYl
CALL LlNEAﬂlllNE.lUBl.lODV.luFY.IlPIS.lIﬂf'I
[GOFT«]

CaLL LlNEAlIO(7l.Gl!!l!.GANNAV.FDFG'lGPIS.IGD'Yl
CALL WNAME

CAtL SOLVE

DO 1 L=l,11

AKIL,11=QDD(LYOTINEH

QIL)=QSAVE(L] + TIMEH20QDSAVE(L) ¢ TINEHBPAK(L 1)
GDILI=QDSAVE(LY + AKIL,1}/2.

TIME=TINE + TIMENW2

CALL LINEIRITIIE.BRLPK.BRCNV.IDF"IIP!S.IODFY)
CALL LINEAR(TIME RODX,RUDYROFT ,IRPTS,IROFT)
(GOFTe]

CALL LlNFli(C(T).GAN‘II.GANNAV,FDFG.ICP‘S.IGDF"
CALL NAME

CALL SOLVE

00 2 L=1.11

ANEL 2)90DDILIOTINEN

GDILI=QDSAVEIL) ¢ AK(L,2)/2.

1GOFT»1

caLL LINEAR(L(?).GANIAI,GlﬂllV.FDFG.IGP‘S.IGDFYI
CALL NAME

CALL SOLVE

DG 3 Lvl,1l

AK(L,2)5QDDILISTINEN

GIL)sQSAVE(L] ¢ TIMEWSQDSAVE(L) # TIMEH2#AK(L,3)
GDILI=QDSAVE(L) « AkiL,3}

TIME:TIME o TIMEN2

CaLL LIMEAIIY!NE.EQ(HX.BR(HV.BUFY.llPiS.lBBFTl
CALL LlNEAH(IlﬂE.HCDX.RDDV.RDFI.IR’YS.IRDF')
160FT=l

CALL LlMElRlG(?l.GIKIAX,LANNlVyFDPG.IGPTS.lGOF‘l
CALL NANE

CaLL SOLVE

00 4 L=1,11

AK{L,4)1=QDDIL}STIMEN

GUL)=QSAVE(L)+TIMEH®(QDSAVE(LT & (AKIL,1) ¢ AKIL.2). ¢ AKILs3)1/6.)
CD(LISODSAVELLD + (AKEL,1} & 2.%{AK(L,2) ¢ AKIL,3}) + AK(L,&))/6,
RETURN

END
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SUBRUUTENE NAME

THES SUBROUTINE CCMBINES THE DIFFERENTIAL EXPRESSIONS IM THE
PROPER WAY SUCH THAT (T YIELDS THE COEFFICIENTS MATRIX A OF THE
ACCELERATION .TERKMS AND THE RIGHT HAND SIDES OF THE DIFFERENTIAL
EUQUATIONS .

DIMENSION SUNM(S5,3)

DIMENSIUN PKE(5,11,12,3)

COMMNN /DATA2/ XNN2,XNN3,C2,03,BETAE.GKST,ELANG,CUS

CUMMUN /DATA3/BETAT

CUMMUN /DERIVI/Q(11),Q0811),Q0D(11)

CUMMUON FDERIVS/ZEL G E24E3,FF),FF2,FF3,01,02,03,X11,ETAL,ZEVAL
CUMMIIN /OSRIVO/B1,B2,B3+B1BAR,XI,2ETA

CUMMUN /DERIVT/PLIG,12,12,3)

CUMMON /DERIVE/XIBEB ZETABXIR,ER,ZEVAR XIC,ECoZETAC
CUMMUN /DERIVI/BLFT,COFTROFT,FOFG

CUMMON /NAMEL/ZPT{8,1391243)Pu(S5,12,412,31,PUL4,11,12,4)

1 4PDI3,11,12,4)

CUMKMON /NAME2/TECS1RASS

CUMMNN /NAME3/XMASS(S)

COMMON /NAME4/AAA{11.31),RHS{1LD

CUMMON /NAMES/XIXX(S) ¢XIYY(S) o XIZZUS) . KIXY (5], XEYZI5) . XEX2ZIS)
. COMMNN /NAMEG/GRAV,CBRCE,BETA

COMMON /NAMET/CAILs1o1v&) oDPUL ok ol 001

CUMMON /NAMEE/CC11.CC12,CC21,C0C22

CUMMUN /NAMES/HOLR]

EVALUATE PARTIAL DERIVATIVES
CALL DERFUC

DEFINE FIRST AND SECOND DERIVATIVE TERMS FOR THE KINETIC ENERGY
EXPRESSIONS FOR THE FIVE MASSES (NOT INCLUDING THE ANGULAR TERNS)

00 2 J»1,1l

0D 2 Kul,l2 -

00 2 Lel,3

PRELLod oKy L)aPTiLodsKabl} o PTL2,d,K L1}
PRE(2,d K LIePTIL,J,KsL) ¢ PTI3,J,K4L)

PKELI 4 JoRel ImPKELT 4 dyKol) + PTG KoL} & PTES,J4KoL)

PRE(G s JrKol b sPKELY 3 J o KoL oPT L4, J KoL) #PT (6,0, KyLIePT{T,44K0L)
PREIS ¢y Ko L) aPKELL o J o KoL I OPT {4y JyKyLI4PTL6 1 Js K LI+PTID, KoL)

DEFINE COEFFICIEATS MATRIX FOR QDD TERMS RESULTING FROM KINETIC
ENERGY (DOES KOV INCLUDE THE ANGULAR TERMS)
UNLY THE UPPER TRIANGULAR TERMS ARE DEFINED HERE

D0 5 Jel,1EQS
D0 5 K=J,1EQS
SuMs0.

DU & 11, 1HASS
DO & Lel,3

SUM=SUM ¢ KMASST1)OPKE(T,Ji120L)0PKE(L k12,01
AAALJ,K)=5UN

INITIALIZE RIGHT HAND SIDES TU ZERO

00 6 1=1,1€Q5
RESU1)=0,

KINETIC ENERGY EXPRESSIONS FOR TERW 3 (NOT INCLUDING ANGULAR TEANMS)

DO & Exl,1MASS

00 8 Lx1,3

SUMMU1,L)=0.

DU 8 K=l,1EQS

00 8 Ja1,1FQS ;
SUMMAT,L)aSUMMETL,L) + PKE(L,J,K,L1000¢J}10QDIK)

0O 9 Jsl,1£0QS

0U 9 I=],1KHAS>

b0 9 L=1,3

RHS{JIsRHS(J) + XMASSUII®PKE(I,J,12,L)9SUMMIT, L)

DEFINE THE RESY (F THE COEFFICIENTS MATRIX FOR QDD TERMS RESULTING
FROM YHE ANGULAR VELUCITIES IN THE KINETIC ENERGY EXPRESSIONS.

D0 1) J=1,1EQS
DO 11 KsJ,lECS
SUN=0.
00 10 1s1,1NASS
SUMESUN & {0.SOXIXXITD®PWIE,12,d,1) = XIXYUT)ePWIT,12,J0,20)0
1 PHIl,12,:K401)
2 % {0.5eX1YYL1)oPN{1412,,2) = XIVZUI)ePR{1,12,4,3))*
3 PRtlsl24K,2)
& 4 (D.50XIZZUT)IePRHIT,12,0,3) ~ XIXZU1DoPW(1,12,Jdy010102
S PN{il,12,K,3}
SUMsSUH ¢ (0.SXTAXEIIOPWIT,12,Ky1) = XIXY(IIOPWIT,12.K020)8
1 PHIT1,124J,1)
2 4 (D.SoXIYYULDoPWLI,12,K,2) = XIVYI(I)OPHIL,12,K,30)8
3 PHi1,124J.42)
4 4 {0.5¢XTZZUIIOPWIL,12,K, 31 - XIXZETIOPR12124K0100¢
S PHIT,1244,43)
AAALJ KD =ARALJ K} » SUN

UBTAIN ENTIRE CUEFFICIZNTS MATRIX
o0 50 1=1,11

U0 50 J=1,11

AAACI, 1)eatALT, S}

RIGHT HAND SIiDES OF ANGULAR TERMS
DU 13 Jell1ECS

SUMeQ.
DI 13 Kel IECS

.




0062 DU 1) Tml,imMESS
0063 SUMsSUM + LO.SeXIXX(TIOPN T K, Js0) = XIXY(R)OPWEL, K, 0,200
1 Pwi1,12,12,1018001K)
2 0 10.SOXIYVIEIOPNIT N, Je2) ~ KEVYZULIOPWLL K, 3,300
3 PWil,1201242)0C01K)
G ¢ (11, 5eXTZIAIIOPUIY K, 3,30 = XIXZERDOPRLL Kydyl))e
S Puil,12,1243)0QL(K)
00064 SUMsSUM ¢ (D.SOXIXXTIIPUETL12,J,1) = XIXYI1}ePWI1,12,4,2))°
1 Poil,Ka12,110°CD1K)
2 ¢ (0.5OXIYYELIOPNIT,12,0,2) = XIVZUDIePN{1,12,J,30)0
3 PRI Ke1242)0CD(K)
4 ¢ (D.SOXTIZULIOPHIT 12,043 = XIXTU1)OPU(T,12,:401 00"
5 Pl K,12,3)6CD 1K)
0065 SUHSSUN ¢ (0.56XIXXEEICPWIT,Ko22:3) = XIXV(1DePRIT,Ky1242)00
1 PHL1,12,J410%C0(K)
2 ¢ {0.5°XIVY (I oPHLI,Ky12,2) = XIYZ(I}OPH(},K,12,3))®
3 PHI1,12,3,21°CD(K)
4 ¢+ (0.56XIZZATIoPWIT,K,12,3) = XIXZUI}ePH(D,K,22,1))e
5 PHilos124Js3)0CDIK)
00sb SUN2SUM + {D.SoXIXX{T}oPHI1,12412,10 = XIXY{I)ePN(],12,12,2))2 '
1 PHEEGKydy1)2CDUR}
2+ (0,50X1YYI1)ePN{1,12,12,2) - XIYZUT1oPULE,12,12,30)¢®
3 PHUIKeJy2)0CD(K)
4 ¢ (0,5°X12ZC110PNET,12,12,3) = XIXZU1)*PULT,12,12,3)0])¢
S PH{I,XsJy310CDIK)

0067 13 RHS(JI=RMS(J) + SUM

4

4 TERMS FOR  MINUS PARTIAL K.E. W/R TO THE GENERALIZED COORDINATES

c (ANGULAR TERNS ONLY).

¢
0068 DU 493 J=1,J€QS ’
0069 SUNeO, : :
0010 DO 492 1%1,[HASS - :
0071 SUMSSUR + (D.SOXIXX{TI®PH(1,d,12,1) = XIXYUI)SPNLT S,32,2008

1 PWil,12,12+0)

2 ¢ (ND.5OXIYYUIIOPNIT Je0242) = XIVZ(LDOPNI1,U032,3100PUE1,12,0242)

3 4 (D.56XIZZUIVOPHI 912,30 = XIXZUTIOPW{1,d412,11)0PUIT1,12,12+3) ;
o012 492 SUNsSUM ¢ {0.SOXIXXTI1ICPH(I,02+:0241) = XIXY(1DoPH{1,12,12,20)¢ »

1 PRl J,12411)

2 ¢10.SOKIYYITIOPRI]412,1242)-XIYZUR)OPHIT+12412,3))0PWL1d01242)

3 ¢ (N.SOXIZZCIIOPWI1,12402,3)=XIXZUI)OPNHIT,12,32,1))%PU{T¢d02243)

0073 . 493 RHS{J)=RHS{J) - SUM
c
(4 RIGHT HAND SIOES COMPLETE AT THIS POINT FOR K.E.{TRANSLATION AND ROTATION)
C .
C !
C KIGHT HAND SIDES DUE TO PLTENTIAL ENERGY OF U1
C

0074 DO 14 Je1,1ECS

0015 T4 RHS{J)sRHSU{J) + GRAVO(XMASS{LI®PKE{14J,s12,3) ¢ XHASS(2)e®

1 PKE(2,0002,3) ¢ XHASS{31ePKEL3,4J,12+3) ¢ XNASSI4}PKELIGJe32+3) ¢
2 XHASS(SIOPRELIS1Jy12430)

'
i

8
4 RIGHYT HAND SIDES DUE TU PGTENTIAL ENERGY OF -U2
¢ !
0076 00 15 Jel,EQS !
00177 15 RHS{J)aRHSIJI+PUL2,3,12,114PUC2,0,12:2)0PUL2,J,1243)4PU(24J,12,4) ;
C
C RIGHT WAND SIDES DUE TO PCTENTIAL ENERGY OF U3
4
0078 bU 16 Jel,1€CS
0079 T6 RHS{JYRHS(J) ¢ PUL3, 3412410 + PUL3,+,12,2)
[4
¢ RIGHT HAND SIUES DUE TD PCTENTIAL ENERGY OF UG
¢ i
0080 00 17 Jel,1€CS !
0081 17 RHS(JIVERHSIJY ¢ PUL4,0,12,1) ¢ PULG,J,12,2)
C
o C RHS NUE TO PRTENTIAL ENERGY DF US
C
nos2 S72SINIQUTY)
0083 CT=C081QL7)
0084 XLENGH = D1°01 + (XNN2-{D2-D2)1%CT - (D3-D3)*S71ee2 ¢ {XNN3 ¢
1 (02-D21%S7 - {03-D3)e(7)ee2
0045 XLENGH=SORT(XLENGH)
0086 TERML = FOFG®IXNN29(-XNN3-{02-D2)#57 + (03-D3)eC7) -~ XNN3I®(-XNN2
1 4 (12-D2)°C7 ¢ (03-031°571)/XLENGH .
0087 CAMST=0(7) - ELANG
0088 OBETAEBUFTPZETAE i
0089 IF(BRETAE .GT. BETAE) BBETAE=BETAE '
0090 IF(eR{7} .LE. 0.) BBETAE=O. )
0091 RHS{T1=RHS{7) +BBETAE + HOOR1®{GKSTOGANST + ;
1 UD(2IeCUS) - 1EFM] !
c P
4 RHS DUE TG PUTENTIAL ENERGY OF U6 :
C H
0092 BBETAT=BUFTo(~X1) ;
0093 IFLABS(GBETAT) 6T, BETAT) BBETATSBETAT :
0094 TFQD{1L) .LE, U.) BBETAT=O, ¢
0095 RHS(111=RHS5L11) + BBETAT
¢ -
[« RIGHT HAND SIDES DUE TD DISSIPATIVE ENERGY OF UBAR)
4 .
0096 . !
0097 :
0098 :
0049 SUMG D, ;
0100 DB 22 J=4,10
0101 SUM1=5UML 4 PO(L1.J,12,11°CD0 ) i
0102 UM2 ¢ PDI1,J,12,200CD(4) ;
0103 SUM3:=SUM3 + FCU14Js12,312CD() '
0104 22 SUMGESUHG ¢ PUED,J412,400C000) .
0105 U 23 K=4,10
0106 23 RHSIK)aRHS(KY ¢ CCH1eSUMLCPDI1,Ky1240) ¢ CCL2oSUM2*PD(1,K412,2) ¢
1 CC21o5UM39PCi1,k,1243) ¢ CC2205UMG*PDL1 4K, 12,441 :
C |
i
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RIGHT HAND SIDES DUE 10 DISSIPATIVE ENEKGCY OF UBAR2

SUNLeD,

3UM220.

B0 21 Jvl,1EQS

SUMLeSUML ¢ PDI2,J+12,119C010)

SUH215UM2 + PDI2,J,12,21%CD¢3)

DU 20 X=1,IECS

RHS(K)=RHS{K) + CBRCESISUMI®PO(2,K12,1) o SUMZPDI2,X,412,2))

KIGHT NAND SIDES OUE TO DISSIPATIVE ENERGY OF UBAR}

SUM1=0.

SUM2=0,

0U 18 J=1,11

SUM1aSUMI + PDI3,J,12,1)%CD{J}

SUM2eSUN2 ¢ PD(D,J4,12,2)°C0L))

00 19 Kel, 11

KHS (KD =RHS{K) ¢ EETAS({PDI3,K,12,11°5UN1%02 o PD{3,K,12,2195UN2#02)

BRING ALL TERMS FROM LEFT SIDE OF EQUATIONS TD RIGHT HAND SIDE

DD 24 J=1,11
RHS(1)==RHSL1)

GENERALIZED FORCE DUE TD BREECH FORCE

00 100 Je=1,11

DO 100 L=1,3
POULyJp2,LInPKECL 1 J, 02,0 04PT 140001201 34PTIS8,J,12,L04PGI1,Jd412,L)
DO 102 J=},1EQS

SUM=0,

DO 101 Le=1,3

SUM=SUN & PGLA,12,12,L)0PGTNJpl24L)

RHS{J)=RHS(J) ¢ Sum

GENERALIZED FORCE DUE YO ROD PULL

DG 103 Ls1,3
PGI242412,L)0PGl2o0s12,L)oPKECY L 1241 14PT{4,1,12,L)¢PTI6,1,12,1)
SUH=0.,

00 106 L=1,3

SUMESUM ¢ PGI5,12,12,L)0PGI2,1,12,L}

RHSE1)=RHS(1) ¢ SUM

RETURN

END

SUBRDUTINE LINEARCA X Y 4¥VyNyE)
DIMENSION X(105),Y{105)

THIS SUBROUTINE CBTALNS VALUES BETWEEN ADJACENT ENTRIES BY LINEAR
INTERPULATION, LAGRANGE®S INTERPOLATION FORMULA IS USED.

1F(1 JLE. 0)in}

TFLA=X{1))3,1,1

12+

TF(M-113,3,2

1=1-1

VVeY LI (A=X(I41 ) 1/ 4XT1I=-XCTe1) )oY (T4 tA-XCT)R/UXCN1)-X11))
RETURN

END

F-19
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ALOCn DATA
TUMMUN /OATA1/TIME, TIMEH, TINEHZ, TINEHS
CUMMON /DATAZ/ ENN2 0 XNN3,C2,03,BETAE,GKST,ELANG,CUS
CCMMUN /DATAI/RETAY

CoMMUN ZLERTYIZG(11),Q0D030),Q00(42)
TUMMUN /DERTVZZ31,A2,83 ASTARXKY] 4AKY2

CUMMON /DERINI/ZAISUB,A2SUB,A3SUR,XRK],XKK2,A1BAR

DUMMUN /DERIVAZXLE2,2),XHE2,20 yAN12,20,XR1E2,2)
UMMUN ZCERIWS/EL 62, E3,FF1,FF2,FF3,D1,02,03,X11,ETAL,ZETAL
CUMMON /DERIVOZ81,82,83,B1BAR, XN, ZETA

COMMUN JCERIVE/XIBEB ZETAD,XIR ER ZETAR, XIC,EC,ZETAC
LOMMON /DERTY9/BLFT,COFT,RDFT FUFG

CUMHON /NAME2/1ECS,IMASS

CUHKON /NANE3/X4A5S(S)

COMMON /NAMES/XTXXIS ), XIYY{S) o XIZZUS)  XIXY(S),XIYZ(S) XIXZUS)
COMMUN /NAMEE/CRAY,CBRCE,BETA

CUMMON /NZME8/CC11,0012,0€21,C022

CUMMON /RUTTA27160FT, IRDFT,1G6OFT

CATA Q(11,C12),003),Q(4),C(5),0{6),C147),00(83,0191,6¢101,Q(13)
1 /83.875,0.0,0.090.0,~.164,0.040.0,0.0,0.0,0.0,0.07

DATA QD/11¢0.0/

DATA Al,A2,83,ASTAR/0.0419.6,-13.6,51.0/

CATA ALSUB,A250UB,A35UB/39.5,-125.3,-7.15/

CATA XKK1,XKK2/100000.,100000./

CATA ALBAR/-39.5/

UATA XK{1418oXK(1a2)0XKI(2,1)4XK(2,21/4100000.7

DATA XUEEo1)oXL{142)0XL (2410 4XL(242)753.0,53,0,-53.0,-53.0/
DATA XM{Lo10oX¥{1,2) o XNU2,1)4XN(242)/48,03,-99.97,48.03,-99.97/
CATA XR(Lo1doXh01g2) o XN{240) o XN12,217-32,4,-32.49-32.4,32.4/
DATA B1,82,834818AR/39.5,~124.6,9.6,-39.5/

UATA E1,E2,E3/0.0,-84.6,2,0/

CATA FFL,FF2,FF3/0.0,5.2,16.65/

DATA 01,02,03/8.0,27.375,47.85/

DATA XIL,EVALLZETAL/0.0,23.625,-11.25/

JATA X1,2ETAZ0.0,1.87

DATA XKY1,XKY2/29)00000./

DATA [EQS,IMASS/11,5/

UATA XHASSUL),XMASSI21¢XHASS(3) XHASS(4),XMASS(S)/88.601,
1 4.663,20.207,10.868,36,3008/

CATA X1B,E8,ZETAE/0.0,-16.0,1.87

DATA XIR,ERGZETAR/=3.938,-16.0,-14,312/

UATA XIC,EC,26TAC/3.217)-14.0,~12.062/

DATA BOFT,COFT,RUFT/300,07

DATA XiXY/5%0,0/

DATA X1Y1/50.0/

UATA XIX2/5%0,0/

DATA XIXXKG1) o XIXXI2} ,XIXXE3) (X IXXE&Y XIXK(S)
} /238342.41502.6,6476.7,12953.,132124./

DATA XIYYC1D XIVY(2) XYY {3 ,XE¥YEQ),XIYY(5)
1 /93782.46114,,3686.,2279.8,873,6/

DATA XIZZUD) o X12202),XT2203)4X122(4),X122(5)
1 /260622.,1502.6,3886.,2279.8,132124.7

CATA GRAV,CBRCE,PETA/386.,0.0,0,0/

DATA CC11,0C12,0C21,(C22/4%0.0/

DATA TIME,TIMEN/0,0,0.0005/

ODATA IBOFT,JRUFT,IGOFT/1,3,2/

DATA XNN24XNK3402,03,8ETAE,GKSTELANG,CUS
1 /773.0,~10.5,27,375,65.5, 100000.,340,/
LATA BETAT/0.0/

L1




£TA
0.0005
83.6767
=1.3193
=3173.0664

0.0010
83.6736
-3.0575

=3815.5720

0.0U1S
83.6716
=5.0484
-6147.8633

0.0020
83,6685
~7.1326

~4193.24061

- 0.0025
83,6643
-9.08862
. ~6827.7148

0.0030
83.6583
~164.4217
=11320,4141

0.0035
03,6494
~21.4621
~16840.9570

0.0040
83.6364
-31,3036
~22525.3555

0,0045
83.6117
-43.7253
=27154.6916

0,0n5%
83.5922
-58.5205
-32026.2969

0.0055
83.5588
-75.7521
=36900.1641

v

-7.0006
-1.4131
~2814.7271

-0.0014
~2.8090
~2766.5732

~0.6G032
-4.1709
~2680.6804

=0,0056
~5.4830
-2563.6677

~0.00886
-6.7294
«2417.9802

-0.0123
~7.8962
=2243,20622

=1.018%
-8.9698
-20647.8862

-0.0212
~9.9379
“1825.46407

-0.0264
-10.7918
~1587.4905

-0.0320
~11.5215
-1334.2512

~0.0379
-12.1219
-1068.9670

X

-7.0000
0.0000
0.0040

0.0000
0.0000
0.0031

0.0000
0.0000
0.0013

0.0000
0.0000
0.0043

0.0000
0.0000
0.0021

0.0000
0.0000
-0.0004

0.0000
0.0000
0.0026

0.0000
0.0000

0,0014 -

0.0000
0.0000
0.0026

0.0000
0.0000
0.0017

0.0000
0.0000
-0.0001

Y

=0.0000
=0.0868
~173.9220

-0.0001
~0.1764
-176.7103

-180.21643

~0.0004
=0.3549
=186.0071

$0.000¢
<0.4407
«190.8412

-0.0008
~0.5447
~194.7590

«0.0011
~D.6476
~216.8803

-0.0014
~0.7610
-236.5583

-259.7421

-0.0023
0208
-281,7900

~0.002¢
~1.1681
-307.1282

1

~0.1400
-0.0015
2.1001

=0.1400
-0.0004
2,3345

~0.1400
0.0008
2.3917

~0.1400
0.00}1
~7.8169

=0.1400
-0.0003
=-7.8785

~0.1400
0.0007
1.6270

~0.1400
-0.0001
~4,76%96

=0.1400
0.0008
§.4800

=0.1400
0.0009
1.8229

=0.1400
0.0026
4.9631

~0.1400
0.0060
8.7887

PH1

-0.0000
-0.0001
-0.1507

-0.0000
-0.0002
~0.1157

-0.0000
-0.0002
-0.0728

-0.0000
-0.0002
~0.1948

~-0.0000
~0.0003
-0.1388

-0.0000
~0.0002
0.09%62

-0.0000
~0.0002
0.1973

~0.0000
~0.0000
0.6485

~0.0000
0.0003
0.7590

-0,0000
0.0008
1.0443

0.0000
0.001¢
1.3725

F-21

GAN

0.0000
0.0001
-0.037¢

0.0000

0,0001
~0.0559

0.0000
0.0000
-0.0785

0.0900
0.0000
0.3169

0.0000
0.0001
0.2923

0.0000
0.0000
~0.1506

0.0000
~0.0000
0.1109

0.0000
-0.0001
~0.4617

0.0000
~0.0002
~0.2020

~0.0000
-0.0003
-0.3588

~-0.0000
-0.0005
-0.5404

L1

«0.3000
-0.01%5
~30.7734

~0.0000
-0.0307
-29.6741

«0.0000
=-0.0451
~27.8573

~0.0001%
~0.0584
=25.3544

~0.0001
-~0.0703
~22.2401

~0.0001
~0.0805
-18.556)3

=-0.0002
-0.0888
14,4284

~0.0002
~0.0949
~9.8620

-0.0003
~0.0986
~5.023}

=-0.0003
-6.0998
0.0175

~0.0004
~0.0985
5.1234

THET

~0.0000
0.0000
0.000S

0.0000
0.0000
0.0004

0.0000
0.0000
0.0002

0.0000
0.0000
0.0005

0.0000
0.0000
0.0003

0.0000
0.0000
0.0002

0.0000
0.0000
0.0003

0.0000
0.0000
0.0002

0.0000
0.0000
~0.0000

(£1]
0.0000

-0.0000
-0.c000
-0.0000

~0.0000
-0.0000
-0.0000

~0.0000
-0.0000
-0.0000

~0.0000
-0.0000
=0.0000

=-0.0000
-0.0000

0.0000

~0.0000
~0.0000
-0.0000

-0.0000
-0.0000
~0.0000

-0.0000
-0.0000
-0.0000

~0.0000
~0.0000
~0.0000

-0.0000
~0.0000
0,0000

Tay

-0.00C0
0.5000
0.0002

0.0000
0.0000
0.0001

0.0000
0.0000
0.0001

0.0000
6.0000
0.0002

0.0000
0.000¢
0.0001

0.000¢
-0.0008

0.0000
0.0000
0.0001

0.0000
0.C000

- 0,0008

n.c000
0.0000
0.0001

0.0000
0.0000
0.0001

0.72000
G.0CGo
-6,0000
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